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AMERADA HESS LIMITED'S FIELD EXPERIENCE AND REQUIREMENTS
FOR FLOW MEASUREMENT AND PRODUCTION ALLOCATION

1 INTRODUCTION

The object of this paper is to review the Amerada Hess' experience of metering in the last ten
years, and explain the rationale for its current requirements for flow measurement. It also
suggests the direction that we would like future developments to be focused.

• Amerada Hess first operated North Sea production was in 1989. Since then, the Product
Movements Section of the Company has been responsible for metering and allocation of a
variety of oil fields operated from fixed platforms and floating production vessels. The various
metering requirements for these facilities are determined by the need to safeguard the interests
of the fields' Partners, the Government's tax revenues and the interests of the pipeline and
downstream processors' shareholders, but also by commercial pressures to keep costs down.

As the UK's North Sea province has matured and the amount of premium rate Petroleum
Revenue Tax has declined so has the need for the DTi to act as the Govemment's policeman in
metering matters. There has been a change from the prescriptive formulas used a decade ago
to the pragmatic approach being adopted today. This change is very much appreciated by the
industry, and has made it possible to use new metering technology in marginal field
developments, raising economic return to both oil companies and Government.

However, the industry has a long way to go before it can truly be considered up-to-date.

A major limit on progress is the continued use of rigid measurement provisions in inter-company
contract agreements, which were possibly appropriate once, to ensure minimal standards
across the board, but now often just result in expensive equipment and manpower being
assigned to measure and allocate small value products. This is particularly a problem for oil
producers with associated gas and NGL production.

The objective of construction project teams to minimise capital investment is often at odds 'with
Product Movements' needs for hardware and software which remains useable for a significant
period of time. This conflict can sometimes be worsened if the project engineer is unfamiliar with
the specialised equipment used in oilfield flow measurement. .

2 FIELD EXPERIENCE

The experience we have had with the AH001 semi-sub. production platform is typical of our
experience with other facilities, and will be described in some detail. The other facilities, the
Scott platform, and the leased Uisge Gorm and Glas Dowr will be described only to highlrght
other issues.

2.1 AH001

The metering equipment installed on the AH001 semi-submersible, AHL's first production
facility, was typical of many platforms up to the late 1980s. It was installed with subsea tie-backs
to three operated fields, Ivanhoe, Rob Roy and Hamish (IRRH), each fiscally distinct.



Export of oil is by pipeline to Flotta, and export of gas is to British Gas, via the Frigg pipeline •
system. The metering systems were designed to satisfy DTI, British Gas, and Pipeline Operator
stated criteria.

•

2.1.1 Oil Fiscal Meter

Three parallel turbine meter streams complete with Meter prover, Twin densitometers, grab
sampler. and manual sample/pyknometry point in pumped by-pass loop

The original Sarasota Flow Computers were replaced soon after start-up by Solartron 7915
instruments.

Spot samples were taken every 4 Hours for determination of water-in-oil by centrifuge in the
Installation's Laboratory (for dry oil allocation)

A Weekly composite sample is taken and assayed onshore (for dry oil valuation)

2.1.2 NGL •Originally an orifice meter was used to measure the NGL spiked into the crude upstream of oil
meters. Flow calculations used a fixed density with no pressure or temperature corrections
within the Servelec Database system.

This was replaced by a Coriolis mass meter soon after start-up.

2.1.3 Gas Fiscal Meter

Three parallel orifice meter streams fitted with dual DP cells. originally connected to Sarasota
Flow Computers. These were replaced soon after start-up by Solartron 7915 Flow computers.

H2S, H20, grab sampler, on-line chromatograph (fitted soon after start up), and manual sample
point in a vented fast sample loop.

Originally. weekly composite samples were taken and analysed onshore (for Pipeline allocation)

2.1.4 Test Separator

Gas Orifice Meter with single range DP cell. Fixed density was used in the Servelec Metering •
Database. No allowance was originally made for well testing.

The Liquid Orifice plate meter was replaced by a Coriolis mass meter soon after start-up

Produced Water measurement is by an Electromagnetic Meter

Manual sampling points for oil, water and gas.

The sample points were all upgraded to sample probes shortly after start up.

All flows were originally calculated in the Servelec Database Computer. A dedicated Solatron
7915 Flow Computer was fitted soon after start up.

2
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• 2.1.5 Production Separator

Gas Orifice Meter with single range DP cell. Fixed Density was used in the calculations being
made in the Servelec Database Computer. Upgraded to dual DP cells, and dedicated Solatron
7915 Flow Computer shortly after start-up.

Produced Water measurement is by an Electromagnetic Meter

Manual sampling points

All metering data was collated, reports printed, etc., by a Servelec Database Computer changed
out shortly after start-up for a custom built MaxiVis I DAI computer (including parallel onshore
workstation) soon after start-up

A schematic of the AH001's current equipment is shown in Fig 1.

2.1.6 Equipment Replacement

• The need to replace some of the AHOO1's equipment so soon after first oil start-up has been
typical of our experience in several developments.

The replacement flow computer and database software is easily contigurable in the field,
handles all the major calculation routines with ease and the mechanical and electronic hardware
operation has been trouble-free since installation in 1991.

The installation of the Solatron computers gave the opportunity to replace the database
computer. The chosen replacement was of industry-standard manufacture. The computer itself,
with an engineer's keyboard and monitor and its 1/0 electronics, resides in an equipment room
offshore. The primary colour display, specialist operator keypad, and colour printer are located
on the console in the Central Control Room. A workstation onshore in Aberdeen provides a
comprehensive 'mirror' of the offshore facilities, with the additional facility of a WORM disk
system. (The WORM drive was used as the long-term archiving facility for the data, reports, and
trend information, allowing us to look back in detail at any production period since the system
was commissioned. These functions have been superseded to a large extent by our AMADAES
system, although we kept the WORM facility in use until recently.)

Using a combination of a security key held by the OIM offshore and separate passwords held by
the offshore technician and by the metering engineer in Scott House, it is possible to modify
configuration data from onshore, and to operate some of the facilities. This capability was used
during early operator training actually to conduct proving from Aberdeen.

This computer is capable of a wide range of useful functions:-

Versatile input I output handling, including analogue current loops, voltage status signals,
current or voltage pulse handling, and frequency counting. Not all of these are used in our
application.

2.1.7 Configurable Database

A powerful operator-programmable spreadsheet capability exists, with security protection. We
use this facility to generate automatic period reports, printed proof reports, Well Test reports,
automatic gas nomination telexes, etc. If we need to add new data to a report, for example, this
is easily achieved from the onshore workstation, under security protection. An added
reassurance on security is that the system archives previous versions of updated configuration
files.

•
A powerful operator-configurable trending utility is available, usable on any tag in its database,
with a selectable time base. This is used by the onshore metering engineer (as easily as it is by
the offshore technician) for diagnostic purposes if there is any question on the performance of



We believe it is worth the effort to continuously monitor the allocation results from the various
pipelines into which we export our fluids. Although much of our effort is automated this is still
manpower intensive. •

e.g., field instrumentation, or on process upset. Snapshots of trends may be sent to a colour •
printer if required. .

The system is powerful, but simple to operate. with the facility to build mimics. These are used
for example:-

To allow the Control Room Operator to control meter proving (including the opening and
closing of block valves, or sending a set point to flow control valves) from the integrated
keypad.

To give an overview of flow, temperature. pressure and ESD valve status throughout
the Flotta and Frigg pipeline systems

or to monitor I initiate well tests, etc.

2.1.8 Water-in-Oil Determination for Allocation

This monitoring made us aware of continuous anomalies in the allocation of fluids from one
pipeline system. which had substantial financial implications to the Partners. These anomalies
were examined by a major, multi-discipline Third Party Audit. whose broad conclusion was that
imbalances could probably be ascribed to the determination of water in oil elsewhere in the
pipeline system. Subsequent prolonged discussion and R&D at NEL led to the adoption across
the system of a determination of water-in-oil content by Karl Fischer coulometry. based upon
new 24-hour flow-proportional samples acquired by a separate grab sampler. We anticipate
upgrading this to on-line Water-in-Oil measurement in the near future. Current balances are
now effectively low to neutral.

2.1.9 Gas Analysis for Allocation

A pipeline system gas allocation is calculated on the basis of the composition of each
contributing field's inputs into the pipeline. This was traditionally determined by analysis onshore
of weekly flow-proportional samples from each field.

The management and handling of sample containers both full and empty is invariably labour-
intensive, occupying a specialist technician (who needs to know what he is about) for several
hours weekly. When they go astray, shore-based Product Movements. Materials, and Logistics •
personnel know just what a time-consuming nuisance they can be. In addition, there is always
the question of just how representative is the sample acquired in the event of inevitable process
upset or minor miss-handling of the container.

The chromatograph's frequency of analysis is such that its results accurately reflect the
composition of gas fed into the pipeline. and is automatically recorded along with the flow at all
times. The instrument is calibrated automatically at least once per week. Otherwise, its
operation is, to all extents and purposes, 'hands off'. In the event of anomaly in the results from
the weekly sample sent onshore, chromatograph results were used.

The results from the on-line gas chromatograph are continuously recorded and archived
automatically by our metering database/supervisory computer on the AH001. Because of the
onshore workstation, results can be scrutinised by specialists, and compared with historical
trends, at any time.

Results from the onshore analyses were also togged, and compared with those from the
chromatograph.

The proven reliability of the on-line chromatograph, the accuracy of its determinations, and of
our automatic recording of its output were all acknowledged by Pipeline Operator, the gas •
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• Buyer, and by other pipeline users, who agreed to its use in the allocation system in place of the
weekly composite sample.

We have saved several hours of expert technician time each week. We are more comfortable
with the timeliness of the analysis data going into the allocation system on our behalf, and we
were running the chromatograph and monitoring and recording its results in any case.

We have adopted the same approach to analysis for gas allocation in our later systems where
possible and appropriate. However, we may still be forced by rigid agreements to acquire and
analyse onshore periodic samples.

2.1.10 Renee-Rubie Fields

•
The advent of the Phillips Petroleum Company operated R-Block fields (Renee and Rubie),
whose production is expected to start this year as subsea satellites to the AH001. has
necessitated major changes to the installation's process equipment, and therefore to its
metering systems as shown in Fig. 2. As these fields have relatively short field life a major
objective has been to keep metering costs as low as possible, and in particular to make use of
the recent advances in ultrasonic metering technology to remove the need for bulky and
expensive separate multi-stream meters and meter provers.

A new First Stage Separator has been installed. It is dedicated to R-Block fluids. Vapour from
this separator is fed forward to the shared compression and drying facilities. Its hydrocarbon
liquid stream joins the feed from the IRRH wells to be input into the existing, now shared
Production Separator.

Water from the R-Block Separator is processed in a dedicated hydrocyclone system.

R-Block Separator vapour flow is determined by two single-path ultrasonic meters in series with
a flare line take off between them. The hydrocarbon liquids are metered by a 5-path ultrasonic
meter with a pumped fast loop containing an on-line water-in-oil meter, density transducer and
manual sample point. Produced water is measured by an electromagnetic meter. New Solartron
flow computers have been installed to interface stream measurement (see Fig.2).

The AH001 MaxiVis metering supervisory/database computer has been upgraded to cope with
the new inputs and will perform the allocation calculations on an hourly basis. Each calculation
will have separate reports archived for input data used, output data calculated hourly allocation
report and most importantly, a validation report giving details of possible inaccurate allocation .• Inter-Field oil allocation will be by quantifying the dry oil leaving the Renee Rubie Separator,
and calculating the IRRH share of Oil Export by difference. The Flotta Operator will carry out
value adjustment, to take account of the different qualities of the respective fluids. Gas
Allocation is somewhat more complicated and includes calculation of the ownership of the NGL
spike. An offline calculation is performed to provide pseudo-oil export assays, based on well
compositional data.

2.2 Scott and TeHordfixed platform

•

Scott is a major oiHield located about 8km north of the AHOO1. In essence it has a similar
separation system to the AH001, except that NGLs are recycled through the main separation
process, rather than being spiked into the main oil line export, as on the AH001.

When Telford, a subsea satellite field with different field Partners, was tied into Scott two years
ago the drive to reduce capital expenditure lead to the decision to use process simulation to
determine the hydrocarbon allocation between the fields. This was principally because the size
of the meter that would be required to measure total flow was large, and thus expensive, and
the uncertainty in the measurement of the large Scott flow would magnify the uncertainty in the
calculation of the Telford share of the Oil Export flow. However, the use of equation-of-state



Uisge Gorm- Loading vs Outturn Differences •

process simulation has proved to be difficult and time consuming in operation. We spent a lot of
money in attempting to fully automate this allocation system. but found this to be an almost
impossible task. The system is currently an off-line manual calculation. •
2.3 Uisge Gorm and Glas Dowr Floating Production and Storage vessels

2.3.1 Uisge Gorm

Two fields are currently processed on the Uisge Gorm. Floating Production Storage and Offtake
(FPSO), with a third field being brought on later this year. The lack of gas export. and
straightforward oil-export by tanker means that overall metering on this facility is very simple.

Fil'e Allocation Flow Diagram

•
Fig 3 Flow measurement equipment on the Uisge Gorm FPSO.

The allocation of production to fields is by well test.

Originally crude oil in storage was to be measured by radar tank gauges. This proved to be
unworkable. Instead the stabilised oil export to the shuttle tanker is measured by a clamp-on
ultrasonic flow meter. There is no gas flow measurement, apart from on the test separator.

Fig 4 - Outturn discrepancies Uisge Gorm. •
6
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•

Tracking the quantities determined on the Uisge Gorm (see Fig. 4) with respect to those
determined at discharge ports has shown marked differences between the two locations. With
the exception of a very few cargoes, these are overwhelmingly negative. We would normally
have expected the differences to be closer to zero, with an approximately equal number of
positive as well as negative discrepancies.

Either the vessel's meters are inaccurate, or the method of determination at the ports is
inaccurate. It is not possible to say which is the correct method.

2.3.2 Glas Dowr

As a result of our experience with the Uisge Gorm, the Glas Dowr which is currently on Durward
and Dauntless fields, utilises an extensive network of ultrasonic meters. These have the
advantage of low maintenance and enhanced accuracy, giving major benefits for process and
field management.

The more sophisticated measurement system on the vessel, where the fluids produced are
tracked as accurately as possible at various stages throughout the process, is expected to add
the reassurance of internal consistency to the performance of the meters, and to safeguard our
interest if cargoes must be discharged when the vessel's export meter is not available for some
reason.

Glas Dowr Outturn Differences

1.00% 1-----------; ..-.-.-.':,---,----,,--,-..-.-,.:-..----:c-. ---.- ..-'--------l
0.50% f-------,-...:...:..--'-:.c,----...,....---'---.:...'-·.·.:....· "'--.;....-:----------------1
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Fig 5 - Outturn discrepancies Glas Dowr
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3 PROJECT CONSTRAINTS

The need to replace much of the AH001's equipment so soon after first oil start-up has been
typical of our experience in several developments.

Much of it is the direct result of the pressures construction projects face to minimise capital
investment. The other influence is the frequent lack of metering experience of the project
engineer involved, for whom this equipment is 'just instrumentation'.

This tends to force them to buy equipment considered to be that 'always used' for the particular
category of service, or "fit for purpose" i.e., minimal specification and cheap equipment which is
not suitable for the installation's lifetime use. Unsuitable, for example, by virtue of the fact that it
requires frequent attention offshore from scarce, expensive, specialist technicians, or because
its use forces the need for repeated manual transcription of its data within the allocation
calculations, etc.

For example, the conventional wisdom as seen by many project engineers, and frequently by
the commercial person drafting an agreement, is that an orifice meter is the method of choice
for gas flow determination even though, because of the limited measurement range of an orifice
plate meter they require duplicate pipework and meters, which is very expensive in terms of
weight and space. The benefits - technical, financial and in operational use - available from
using, instead, a multi-path ultrasonic meter, which appears initially to be a very expensive

, instrument, may not be apparent to either project or commercial personnel.

We sometimes suspect that a project engineer's judgement of an equipment's 'fitness for
purpose' may be based on uncritical acceptance of claims made by its manufacturer. The
Amerada Hess Product Movements Section's consistent approach is to urge aspiring suppliers
of equipment to have the equipment's performance verified by e.g., NEL or similar independent
body, or by extensive testing under 'real life' operating conditions.

•
8



• 4 ALLOCATION
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The objective of allocation is to split costs and revenues equitably according to the contracts
developed by the companies involved in the production and transportation of hydrocarbons.

Broadly speaking measurement errors which are likely to be random and non-systematic are
unlikely to be of concern if they cause relatively small overall miss-allocation of costs or
revenues.

A good Allocation System should follow the following rules:-

1. It should be Fair and Equitable
2. It should be fully Auditable
3. It should as far as possible, reflect Reality!

4.1 Non-systematicErrors

• For example, a common situation might be two oil fields, owned by different Partnerships, being
produced through a single FPSO. Modelling the effect of errors in each measurement in the
system, for typical flow rates and measurement uncertainties, might look as follows:-

Dry Volume Dry Volume
Typical Value Uncertainty Error % Error %

% Field A Field B
Oil to Storage

m3Volume 15000 0.15 0.15 0.15
Temperature degC 35 0.5 -0.014 -0.014
Pressure barg 2 0.5 0.001 0.001
Oil density kg/m3 850 0.2 0.007 0.007
BS&W % 2 1.0 0.0007 -0.0007
Water Density kglm3 1050 0.5 -0.0003 0.0003

Effect of uncertainty in Field A's separator oil outlet measurements
Volume m3 9000 0.15 0.06
Temperature degC 44 0.5 -0.008
Pressure barg 40 0.5 0.0007
Oil density kg/m3 820 0.5 0.008
BS&W % 15 1.0 -0.06
Water Density kg/m3 1030 0.5 0.03

Effect of uncertainty in Field B's separator oil outlet measurements
Volume m3 5000 0.15 -0.05
Temperature degC 40 0.5 0.006
Pressure barg 30 0.5 -0.0005
Oil density kg/m3 830 0.5 -0.03
BS&W % 10 1.0 0.2
Water Density kg/m3 1040 0.5 -0.02

Effect of uncertainty in Test Separator oil outlet measurements
Volume m3 1000 0.15
Temperature degC 40 0.5
Pressure barg 30 0.5
Oil density kglm3 830 0.5
BS&W % 25 2.0
Water Density kg/m3 1045 0.5

-0.009
0.001
-0.0001
-0.001
0.03
-0.01

Overall Error % 0.25

•
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However, we do need to ensure that unfair advantage may not be gained because one party or
another plays on anomalies in the assessment of 'random' uncertainty.

The errors listed above are for positive applied errors. Because of the differences in production
between the two fields, and the different oil and gas properties and gas60il ratios, the effect of
negative applied errors is not quite the same as for positive applied errors, but the absolute size
of the difference is very small compared to the overall size of the error.

Clearly the most important measurement is the oil volume measurement, as all other
measurements lead to very small overall errors, and if both Fields A and B were owned by the
same Partnership there would be very little need to meter these to the accuracy shown above,
unless there were some over-riding fiscal requirement because of, e.g., different PRT status for
one of the fields.

The real usefulness of the spreadsheet used above is to investigate the effect of deviations from
expected operational performance. For example, should the water content determination in
Field A's separator oil outlet drift, for example, to 10 percent, then the overall error would be
expected to increase from 0.25% to 0.64%.

4.2 SystematicErrors

Most oil companies would not be concerned to measure to these accuracies if they were
thought to be truly non-systematic. Although the actual value of the mtss-allocancn is relatively
high, for example a 0.25 % error in 80 Mbopd is equivalent to £0.8 million/year, it is still only
0.25% of the total annual revenue. The error could be in either field's favour.

The real value of vigilant metering and hydrocarbon accounting occurs when the errors are not
systematic. This is generally the case in the North Sea for oil fields of different stages of
maturity exporting in to common pipeline systems. Most of the major oil pipeline systems were
put in by the owners of the giant oil fields found in the early days of North Sea development.
These fields are generally producing at high water contents, through platforms which are no
longer in their first flush of youth, where there is little commercial incentive to export essentially
dry crude, and uncertainties in the determination of their export water content may be significant
for the allocation of commingled fluids to other users of the shared pipeline. This is in contrast to
the small fields which Amerada Hess has typically produced from over the last decade. These
relatively small fields start off dry, so they have rather different characteristics to the giant fields.

Because of our experience of the effect of miss-ellocation of water and oil in shared pipeline
systems we place particular emphasis on water content determination in oil exported from our
operated platforms. However, we have not yet defined internally exactly what our standard for
this should be. It still is the case that the cost of measuring water content to a high standard is
still a small fraction of the potential harm that can arise through not paying sufficient attention to
this source of error. Typical measurement errors which we feel comfortable with at the present
time are those listed above, although we would welcome new technological advances which
would help improve the water content determination further.

•
10
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• 5 RECENT CHANGES IN REGULATORY REGIMES

5.1 Change in DTI Policy

The changes that the Department of Trade and Industry have made to offshore metering
requirements have been profoundly beneficial. The dictum 'Let commercial forces dictate
standards and methods' is exactly what is required, bearing in mind that Government is also
one of the commercial forces acting on oil companies producing in the North Sea, and that the
DTi has statutory obligations, including a new emphasis on environmental concerns.

This sensible approach is welcomed, with the only caveats that:-

• The shortcomings of others are very difficult/expensive to prove
• Data is difficult to gather from others, and everybody's allocation is inter-dependent
• Many Operators are short-handed, so can not scrutinise allocation properly
• It is difficult for a single Operator to complain effectively in the face of inertia from others

• The DTi, however, can and has acted swiftly to right wrongs. Commercial pressure can be slow-
acting, and jf disputes go to law the resulting costs can be expensive and time consuming.

The DTi has had a major influence in promotion of new technology within the UK metering
business. For example, the use of onshore computer terminals at the DTi linked to AHL's
offshore installations has reduced the need for DTi audit inspections offshore, with consequent
savings to both Operator and Government.

However, as the OTi scales down its operation there is a need for another organisation to take
the lead, and set direction for the future. The North Sea Flow Measurement Workshop should
be part of the debate that is required.

5.2 Gas

One of the most significant changes in the UK North Sea is the changed position since BG lost
its monopoly position as buyer of gas. The Network Code now sets ground rules, while
individual agreements specify the detail. This has considerably enhanced the economic
attractiveness of the numerous small gas accumulations in the Southern North Sea, as their
owners can sell their gas to the independent gas marketers, as for example, Amerada Hess
Limited has done to its downstream subsidiary Amerada Gas.

• Making agreements which are appropriate for the new fields with the long-standing agreements
for gas transportation and sales is one of the major challenges affecting oil companies. There is
a need to strike a balance between getting agreements as tight as possible, because recourse
to the Law is very expensive, but also the relatively small size of most of the new fields
precludes lengthy negotiation.

The large variations in gas prices that are available to sellers may invite disruption, regardless
of agreements, since it may be more profitable for the buyer to accept legal cost than to accept
supply. This may have a major impact on oil production.

As gas may now be traded as a commodity, with an hourly nomination regime, the timescale for
needing operational production data has become much smaller, forcing increased dependence
on accurate current data, with minimal operator intervention. Fortunately the technology needed
to achieve this is available, and this trend is forcing more standardisation of software and
hardware.

•
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6 FUTURE NEEDS, FUTURETRENDS

Equipment reliability and maintainability has improved dramatically. From an Operator's
perspective we hope this will continue to get even better in the future. There is thus a gradual
shift in AHL's effort, from focus mainly on metering matters requiring technical specialists, to
more and more attention to allocation issues.

The DTi. BG and Pipeline Operators all have audit rights, and the Pipeline Operator has a
special duty to protect interests of other users. As offshore equipment improves, the need for
frequent audit is reduced.

There is a substantial effort by several meter manufacturers to make multiphase flow meters,
some for subsea operation. There is no doubt that this technology will be of very great value to
Operators. but so far our experience has been that we have had more value from downhole flow
measurements than from topsides or subsea multiphase meters. However, we are still very
enthusiastic about the potential of the technology. It has however, a poor track record for
reliability, mainly because of interface problems between equipment from different suppliers.

Although the current low oil prices have meant that the North Sea exploration activity has
reduced, the industry will respond and we expect to bring on more fields in the years to come. •
The economics however, are likely to be marginal, so, once project sanction is given, the
timescale for any development will always be short. To help make sure that we keep overall life
of field costs down we are in the process of developing company standards to allow flow
measurement to be better integrated into the Project schedule than we have achieved in the
past.

•

12



•• • TO:
St Fergus

Gas Compression

Pue1 Gas
7m:port
Mate:i-,'.:- ..

" '.,'.

,_'.'" ,_ ,.r .. '-'~~""" .. - '" •. I •• •• ,.,-'._ ••••.•• >0" •• _._, __.,.

Orifice Met.er Orifice Meter
GaB Meter·-·=:::::~·-·····"".r > •• > ••• ' _-~.,-

.....
'''.''"'.....__, .. ' ....~"'.. ·":~:·'~l'" Gas

Metar , .. .'"
formerly

£xport StreamOrifice Met ................ ,,-.....- .
"'GasLift

meter
coriolis Mass

Meter
IreplacingTest

Separator .'.......
,"<·f •

••••••• •• _., _•• '0' •• r "' _"_'~

....':::: .
NGL Spike Meter

Coriolis Mass
Meter ..•...

.,"-+"" ".r, 0 _:.~.

.: .
Oi1 mater

IVRR We11
F1u.ids

........ , "" ........ . .
MagFlo Meter

Production
Separator

! .

Produced
Water
meter

.............................L.....:~- .....
MagPIo Meter.....

"" ~.~. ..~..~. .
_.:.....

Prod.uced
Water
meter

Free Water Knockout Vassel

.- - -- .. . ~,

I I~. _~. __ •.. ~-...:.J

To:
Flotta

................ ., .......
Mag Flo Meter + .

M:tielriE"t1K:OSr:::~··::::::-··:_·.~·.~·.:~·+· .. ••• •••• ~.L ~urbine meters .. ·····

(t,p,computer.
prover (t,p,compucer)

.~.
Prod.uced lr1ater ..... :.~:~::--.::'

Overboar4
M'illter ..... ......r----------------------, " .

Fig. 1 AHOOIoriginal metering system

13



'l'o:
St Fergu

Meter ng
II
II ...

GAS Compression

== =~
'"

Import
Meter

:enee/Rubie Well Fluids' = = 2 off -~ GAs Meter.. Instromet -~
... Ultrasonic

meter
~ ,

Renee/Rubia
1st St~ge Separator P, t, rho, BS&W

,9
± 0 NGL Spike Meter

Sample Point
IRRH well fluids

Reject oil ...
Corio i .. ..

met~ ...", ,
~

Produced Water
MagFlo ExistinlJ
meter IRRH

r- Sep~r~tor

.. ......
-

Produced Free W~ter Knock Out
Water
meter r ,

" • !
I II 1 I

~1 ..
Hydrocyclone P~ck~ge Hydrocyclone PackalJe ..

+ oil Export
.... Produced Water OVerboard Metering Skid

~

\:ICL5 ~orc.
i

'l'o:
Flotta

Fig. 2 AH001 Current metering system

14• • • •



• North Sea

Measurement Workshop
1998

• PAPER Z ,~'1..--

FISCAL FLOW MEASUREMENT IN THE MILLENNIUM -AN OPERATORS
VIEW.

M Leigh, CanoeD (U.K.) Ltd.

•

•

fltough
Stamp



1

• 16th NORTH SEA FLOW MEASUREMENT WORKSHOP 1998

Fiscal Flow Measurement in the Millennium
An Operators View
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ABSTRACT

A key factor in the continued successful production of hydrocarbons into the next century will
be the development of low cost, fit for purpose metering and allocation systems. This paper
outlines where the industry could be going, and addresses accounting, technical and
organisational issues. The underlying themes of the paper are to challenge the status quo,
and to promote commercial views on what has been hitherto a mainly technical subject.

• The paper describes a typical gas (and associated liquid) commingling agreement explaining
the key points in the allocation and attribution of energy to the field owners. The concept of
borrowing and lending within a "pool" is outlined, and the overall accuracy of the
measurements is put into typical value terms. A case is made to remove technical description
from commercial agreements.

The current technical requirements, and a summary of possible future metering
arrangements, are outlined, and placed in the context of the drive to increase overall
production through existing assets.

The importance of Audit, proper planning and budgeting or work, and the steps made to align
differing interests with a common goal to achieve "good metering" in the context of a
commercial operation is described.

ABOUT THE AUTHOR

•
Mark has worked in the oillgas industry since 1980, following a Short Service Commission
with the RAF. He spent a period with a drilling company, followed by three years in Libya on a
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Reporting group for Conoco (UK) Ltd, based in Aberdeen. The group is responsible for flow
measurement, production control and subsequent hydrocarbon accounting processes. Mark
is a Chartered Engineer and Corporate Member of the Institute of Measurement & Control.
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1 INTRODUCTION

The Theddlethorpe Gas Terminal (TGT) is situated on the Lincolnshire coast in the East of
England. It is a 2 Billion Standard Cubic Feet per day plant (2Bscf/d) and has the capacity to
process approximately 20% of the UK daily gas supply.

The terminal began life in 1972 with the development of the Viking Gas Field, and has
continued to be developed and expanded. as further offshore fields have come into
production. A brief chronology follows: (A glossary of terms is provided at the end of the
paper)

• 1972 - Viking Field and Gas Terminal (VGT) developed
• 1984 - Victor Field comes on stream - commingled with Viking
• 1988 - LOGGS and LGT installed for V Fields
• 1989 - Audrey (Phillips) comes through LOGGS and LGT
• 1991 - Anglia (Ranger) added to LOGGS system
• 1992 - Pickerill (Arco) comes through new PGT
• 1993 - Caister (Total), Murdoch (Conoco) and Ann (Phillips) Fields developed. Terminal

is integrated to allow for blending. TACA goes live.
• 1995 - Jupiter comes on stream through LOGGS
• 1996 - Schooner (Shell) is introduced through CMS
• 1998 - Phoenix (Viking Extensions)

In terms of both physical infrastructure and commercial activity, the TGT area represents
significant challenge and complexity. Along with the increase in field development and gas
production, there have been significant changes to the commercial environment:

As it was
• Monopoly Buyer
• Managed Market
• Depletion Contracts
• Stability of Long Term Contracts
• Known Price
• Unknown Demand
• UK Only

As it is
• Multiple Buyers
• Multiple Sales Contract Types
• Gas-to Gas Competition
• lower consumer prices
• lower beach prices
• Continental Opportunities from 1998
• Volatility in beach price
• Buyers keen to re-negotiate

Figure 1 - Diagram of SNS Operations Area

2

The offshore infrastructure
comprises some 100
producing wells, situated
on over 30 platforms and 5
sub-sea manifolds. (See
Figure 1). The offshore
production is commingled
at three manned gathering
centres, where separation,
metering and compression
takes place. The fluids are
then recombined for
transport to TGT via 4
trunk lines. At the
terminal, the fluids are
again separated, with
condensate being
recovered and sent via
dedicated pipeline to the
Conoco refinery on

•

•

•



• Humberside and the dry gas redelivered across three delivery points - two for Transco and
one to Kinetica.

3

"In the day" activity is managed from TGT, with overall commercial activity and management
being carried out in Aberdeen.

2 COMMERCIALFRAMEWORK

There are a number of commercial arrangements that allow for the processing, transportation
and delivery of gas to the customer. These include:

• Gas Lifting Agreement (GLA's) - these allow for owners of fields to produce their share of
the hydrocarbons in place.

• Transportation Agreements (TA's), and Transportation and Processing Agreements
(TPA's)- these permit the fields to be processed and handled by the gathering complexes

•
• Allocation and Commingling Agreements - these set up arrangements for the borrowing

and lending of gas in a "pool" concept. These exist at an overall SNS level in the form of
TACA (Theddlethorpe Allocation and Commingling Agreement) and also at sub-user level
where required.

• Sales Agreements - initially field dedicated between producers and a single buyer,
increasingly these are "supply" contracts, pulling gas from a number of fields to meet short
term gas needs.

• Joint Operating Agreements (JOA's) - these define how the operator acts on behalf of the
other field owners.

• Production I Services agreements - allow for the sharing of maintenance and other
operational costs.

3 DEFINITIONOF TERMS

There are terms used in allocation and commingling agreements which have specific
meanings. These definitions sometimes differ from common usage, and may be specific to
different agreements. For example;

• Production - the amount of gas (and liquids) that is actually produced from a field and
measured at a metering station.

• Allocation - this is the share of gas produced by a field , after taking account of fuel gas
and linepack adjustments. It is carried out on a component basis, and is derived from
comparing the total gas redelivered at TGT with the ratio of the gas coming in from the
fields. It determines the ownership of gas leaving TGT. See Table 1 in the following
Section for details of this process.

• Attribution - this is the process by which the buyers demands, submitted in the form of a
"nomination" are met. If there is a difference between the amount of gas "allocated" to a
field and the amount required, then gas may be borrowed or lent by the field to make up
the difference. There are limits to how much gas may be borrowed or lent. normally set in
terms of a number of days booked Firm Capacity (FC).

The management of the TACA gas pool is carried out by Conoco as Theddlethorpe Operator.
Whilst a fairly simple process in theory, the practice is somewhat more complex, due to
changes in field production capacity, alterations to nominations and the need to manage the
blend of the gas leaving TGT to meet the TRANSCO specifications.
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Collection of metering data in real time, nomination handling, allocation and attribution
calculations, daily, monthly and annual report generation are all achieved by using a computer
system based on the Logica Prodis framework (TRACS - Theddlethorpe Reporting and
Allocation Computer System).

•
The number of daily nominations received will be at least 18, and has been as many as 90
changes in one day; typically there will be 30 nominations. The degree to which flexibility is
required has been brought about largely by the changes in the market place outlined above,
with the move away from long term field dedicated contracts to shorter term non-dedicated
supply agreements.

The commercial framework can be summarized by the following diagram, (Figure 2) where the
uTACA Envelope" is shown by the dashed line:

V F~eld5 Audrey Anglil Ann jupiter V ik~ng Victor

,-
("MS Pickeri ll

Utj liry Gas

Comp Gas •LOGGS VTS-B I

BG Delivery
POlrH

Kindica Delivery
Point

Theddlethorpe
Terminal -

Figure 2 - Schematic of TACA Envelope

Allocation and attribution is calculated in terms of energy, and is expressed in Millions of
Megajoules (MMJ). Consequently sampling and analysis, either by manual samplinglwell
tests, grab samples or on-line chromatographs all play an important part in the overall
measurement process. An audit committee comprising key company technical
representatives is in place (Joint Audit Steering Committee - JASC) to ensure that all
interested parties are treated fairly. •4 COMMERCIAL AND TECHNICAL CONFLICTS

It is very important when fields are in the early stages of development that the commercial and
technical teams work closely together. This will help ensure that what is commercially
desirable is technically possible. Commercial documents should also be written in a way that
allows recognition of changing priorities as fields decline.

The wording of many existing allocation agreements is very prescriptive in terms of the
methods of measurement to be used. They often describe the equipment that is to be used
for the measurement, specify the equations to be implemented and the hardware to be fitted.
Whilst this was a good approach in the market at the time, it now means that new fields
wishing to join the allocation system have to comply with old technology requirements.

Typically, no account is taken of the relative value of the produced hydrocarbons, and
measurement requirements are normally specified in terms of a maximum permitted
uncertainty in the production - 1.0% for gas measurement and 0.5% for liquids, irrespective

4
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of production volume or value. It should be noted that agreements below primary allocation
level, (sub-allocation agreements) may allow for metering with increased uncertainty
tolerance at 2 or 3%.

No provision is made in the agreements to relax the measurement uncertainty limits for low
producing fields, and due to the prescriptive technical nature of the measurement schedules,
alternative measurement technologies are not permitted without modifying the principle
agreements, which may require the signatures of many separate organizations. (35
companies are signatories to TACA, for example.)

The following Table (Table 1) illustrates the inter-dependence between fields using a
common allocation and commingling system. In this example, each field produces a given
quantity of gas and is allocated an amount expressed as a percentage of the total redelivered
to the customers, determined by the proportion input to the system. If we now assume that a
given field has been in error at +1.0%, a new allocation is produced. It can be seen that the
field in error (for example Field Beta) "picks up" the additional gas, but not the full 1%.
Similarly, all the other field's allocation would be reduced by an amount proportional to their
input quantities. In the second example, the small producer Field Alpha is assumed to have
an error - again all fields are affected.

GAS GAS ERROR IN GAS ACTUAL
FIELD PRODUCED ALLOCATED BETA@1% ALLOCATED % CHANGE CHANGE

ALPHA 50 48.00 50 47.81 -OAO% -0.19
BETA 100 96.00 101 96.57 0.60% 0.57
CHARLIE 100 96.00 100 95.62 -OAO% -0.38
TOTAL 250 240.00 251 240.00

DELIVERED 240

ERROR IN
ALPHA@1%

ALPHA 50 48.00 50.5 48.38 0.80% 0.38
BETA 100 96.00 100 95.81 -0.20% -0.19
CHARLIE 100 96.00 100 95.81 -0.20% -0.19
TOTAL 250 240.00 250.5 240.00

DELIVERED 240

Table 1 - Basic Allocation Example

Another problem that is often not considered concerns the relative value of the condensate
and gas produced, and how the quantity produced impacts the overall value returned from

'Field Alpha - Condensate
.Tonnes 125
:.!:;i~I~.:~tp'haGas Tonrl~ __.__. .. ~6f30
.Value of Gas 299700
:Value of Condensate 10625

2997.Vatue of 1% Gas
:Valueoi'O~'5oio"of"""'--'--"--"""""
:Condensate 53

57'Ratio

Figure 2 - Error Value Ratios
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the field. Consider the case of Field Alpha, a declining gas field, with some liquid production.
The table in Figure 2 shows that the value of 1% of the gas production is approximately 57
times that of 0.5% of the condensate production, on an average monthly basis. Put another
way, we would need to mrs-measure the condensate in the order of 25~30% to have the
same value error as 1% of the gas production. This has clear implications in the way in
which the systems should be designed and operated. The graph in Figure 2 shows different
ratios for a typical range of fields. The interdependence of the fields in the system, and the
differing relative values means that design, operation, maintenance and audit must be
holistic in their approach. In the future, measurement and allocation systems will need to
concentrate on total field value, rather than on each phase individually.

•
5 SPECIFICCOMMERCIALCHALLENGES

Metering costs are often included in the tariff the field pays to the transporter, or may be
allocated on a shared basis amongst different fields as part of an Operating Services
agreement. This approach effects the way future value can be generated. It is important
that the cost of measurement is clearly identified so that where cost saving ideas have been
identified, there is advantage to the field to implement them, and an incentive to drive
through changes. Where measurement and allocation costs and processes are not properly
understood, with costs being unidentified, there is no incentive to discuss changes through
field life. Operating costs are therefor maintained at an unnecessarily high level. Ensuring a
linkage between metering costs and field costs helps reinforce the link between the
commercial and technical management of the asset and so will assist in future development
options.

•
Where commercial documents contain technical description, future marginal fields requiring
entry are obligated to install high Capex equipment, thus elevating project costs and reducing
the amount of new low cost gas coming into the gas pool. It is no exaggeration to say that a
traditional approach to measurement and allocation in the future will inhibit future
hydrocarbon reserve developments.

For very low liquid producing fields, the cost of measurement can be higher than the revenue
produced. It is illuminating to consider the cost of measurement on a "by field" or "per MMJn

basis. The following graphs (Figures 3 and 4) show that some fields are more cost effective
than others - typically onshore metering is less expensive than offshore, and meters with
complex commercial commitments are more expensive than those with simpler
arrangements. Note that this analysis is based on Opex only; when cost of capital, design,
procurement and construction is considered, more fields are pushed into the marginal
category. •

Figure 3 - Cost per MMJlYear Figure 4 - Cost per Meter SystemlYear

•
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In the case of declining fields, it is worth noting the relative value of an error in measurement
as the field declines. The graph (Figure 5) shows the value of 1% of the production, assuming
a systematic error that existed for a 24 hour period. It can be seen that in the early part of the
life of the field, the value of the error is quite large, but that towards the end of field life the

value of the same magnitude of error is
quite small. However, the commercial
agreement in place does not allow for the
modification of practices or procedures to
recognise this shift. Is .!. 1% the correct
uncertainty limit for this field? The other
Significant item about the decline curve
when expressed in error value is the
increase in 1998/99. This is due to the
transportation of a new field through the
existing line. In terms of increasing value to

the company, it therefor follows that our
attention from a metering and hydrocarbon accounting perspective must be focused on
increasing throughput, and not by "chasinq" errors in measurement at the end of field life.

•
£4,000

£3,000 ~1_;~!;~luel
£2,000

£1,000

£0 • --.-
95 97 99 01 03 05 07 09 11 13

Figure 5 - Value of 1 day, 1% error over time

•
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6 COMMERCIAL AND CONTRACTUAL ENABLERS TO INCREASE VALUE

There are a number of items that can increase value in a mature or declining gas province.
These will include establishing the correct commercial framework within which the technical
community must operate, and establishing relationships with vendors, suppliers and service
companies that focus on adding value to the whole, rather than on short term ·win-Iose"
arrangements.

Early commercial work will have an effect on the whole field life. It is very important that
commercial agreements recognise that the field will have changing measurement priorities,
and must be worded so as to allow changes to be made with the minimum cost, whilst
assuring appropriate standards. This may mean that technical requirement are not embodied
in the main text of the agreements, but are contained in a separate technical manual.

The uncertainty allowed in measurement systems has been determined by regulatory
guidelines and, typically, detailed in agreements. In the future, uncertainty limits will be
determined by agreement between co-venturers and regulators.

The ownership of the technical manual for the transportation system should be under the
guidance of a steering committee made up of the key technical staff from the co-venturers.
This team will oversee the audit process, and have the authority to make and allow changes to
metering and allocation practice through field life.

The importance of having the right incentive to discuss change has been mentioned earlier;
having the cost of measurement clearly identified and charged to the field, instead of the
transporter, will help ensure that optimum deSign, operation and maintenance is carried out.
This approach will also ensure that fields which do not modify their requirement through field
life will pick up the correct cost.

The interdependence of the metering systems, and the reliance of good data transfer into
computer allocation systems has been discussed in Section 3. This means that organisations
must be set up that cross discipline boundaries. An effective allocation group will need to
include metering, hydrocarbon accounting, communications and software skills.

In the SNS, we have increasingly developed relationships with our maintenance and metering
service companies to give them more accountability and responsibility for the metering
function. The metering staff are employed by the service company, and the establishment of
procedures, project interfaces and ownership of maintenance planning rests with them.
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There are many advantages in having a metering company "ownWmore of the problem. They
can better manage career development for technicians, establish strong links with sub-
suppliers and so reduce costs, and can provide detailed technical engineering and
consultancy knowledge to solve specific problems. With a suitably incentivised contract, the
service company can share in the cost savings achieved through improved management
processes. Ideally, the service company should be able to take ownership of the. entire
metering system, adopting a "cradle to graveW approach including design, maintenance,
operation, data transfer/validation and allocation processes.

•
There are a number of key performance indicators that can be put in place, the following list is
indicative of the type of measurements that can be made to assess, and reward, performance.

• Stream/system availability
• audit performance
• staff competency
• safety record
• minor project performance - budgets, schedule, as builts
• sub-vendor selection /management

The "outsourcing" approach does leave the threat that the long term "corporate memory" of
the operator can decline, so in addition a Staff metering engineering position, and A Staff
Hydrocarbon Accountant, are still seen as being key roles in the organisation.

7 TECHNICALCHANGES

A number of technical breakthroughs have been made in recent years that change the
approaches possible for gas field metering, for example the advances made in Ultrasonic Flow
Meters (USM), the development of high stability differential pressure cells, acceptance of
coriolis meters and the increased understanding and use of venturi meters for wet gas
metering. In addition, modem digital electronics and communications has lead to the
development of more reliable data transfer, and the ability to carry out remote diagnostics and
fault sensing. These developments will drive down both Capex and Opex.

8 ULTRASONICFLOW METERS

The principle of USM for fiscal flow metering are now well established [1], (2], and will not be
discussed in detail in this paper. However the marked increase in turndown ratio, and the
inherent redundancy of the devices when multiple paths are used means that a substantial
decrease in deck weight and space can be achieved, due to elimination of multi-tube meter
systems [3]. Once the principle of metering by USM is established in a transportation system,
the subsequent addition of gas fields will be easier to achieve.

Together with good communications, the ability exists now to put all the meter data, in real
time, onto the desk of the metering and allocation staff in the office [4]. Given their inherent
reliability and fault tolerance, USM's are more suited to remote un-manned operation than
conventionallSO-5167 orifice plate meter skids.

In the future, it is possible that these devices will also operate in two-phase mode, and hence
give a reasonable measurement of the liquid production. This will allow the addition of future
reserves into existing infrastructure by using sub-sea production systems or minimum facility
platforms.

8
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• 9 HIGH STABILITY INSTRUMENTATION

New devices are on the market, based on resonant frequency technology, that allow
maintenance intervals to be extended to six monthly or longer. The reduction in Opex over
field life from the use of these devices will be substantial.

Where multiple instruments are fitted, these can be compared, and provided drift between
instruments is within limits, a significant reduction in manned intervention can be achieved,
with no compromise to system uncertainties. So in the case where there are older metering
systems that cannot support the cost of retrofittinq with USM, there is the opportunity to
reduce operating costs.

10 THE FUTURE

So what could the future SNS look like, from the measurement and hydrocarbon accounting
perspective? A possible future scenario is outlined below.

• • All new fields are metered using USM. Substantial liquid production is metered using
coriolis devices, with small liquid producers being metered using wet gas corrected
figures, fixed ratios, or not at all.

• All metering data is transmitted to the metering and allocation team on the beach.
Offshore intervention is practically eliminated.

• Where 'Iegacy orifice plate meters are still in use, these are all fitted with advanced
instruments in comparison mode, requiring minimum intervention maintenance only.

• The ownership of spares and maintenance procedures rests with the metering service
company, who are well rewarded for gains in efficiency and cost reduction. The field
metering crews are working as a unified team, with no cross functional/location interface
problems.

• A "cradle to grave" approach is accepted as the best way forward, with total ownership of
the metering system and data transfer being with the service companies.

• New small gas fields are brought on stream at minimum cost, and effective best practices
are incorporated in the design, installation and operations phases.

• Metering costs are being paid by the producing fields.

• The Joint Audit Steering Committee is embodied in the agreements, and has authority to
alter metering requirements. The Partners view SNS as being "best in class" for its
metering and allocation services.
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12 GLOSSARY

[3]

A&A
CMS
GLA
JOA
LGT
LOGGS
LTS
MMJ
PGT
PSA
SALA
SATA
TA
TACA
TPA
VGT
VTS

DTI OIL AND GAS OFFICE, Guidance notes for standards for petroleum
measurement, Section 3.2.4, September 1997, Issue 5. •

Allocation and Attribution
Caister Murdoch System
Gas Lift Agreement
Joint Operating Agreement
LOGGS Gas Terminal
Lincolnshire Offshore Gas Gathering Station
LOGGS Transportation System
Million Mega Joules (1 x 1012 J = 9478 Therms = 1 x 106 SCF approx)
Pickerill Gas Terminal
Production Services Agreement
Sub Allocation Agreement
Sub Attribution Agreement
Transportation Agreement
Theddlethorpe Allocation and Commingling Agreement
Transportation and Processing Agreement
Viking Gas Terminal
Viking Transportation System
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The meter shown was undergoing factory acceptance testing, the opportunity was taken to
establish its footprint curve and some of its operating characteristics. The meter was found to
be linear in response with a negative 0.5% offset. In order to ascertain the meters response to
path failures we disconnected in turn the single path then a swirl path.

The resultant shift with the single path disconnected was a negative 0.5%, while the swirl path
shifted a positive 2.2%. Having ensured the meter was reconnected for all paths the original
curve was adjusted to the zero datum line and two check flows completed.

These tests would indicate the performance of the three-path meter follows that of the five-path
meter, regarding single path and dual path failures. Single path failures, although shifting the
value, could possibly be acceptable for short periods whilst a replacement probe or suitable
window for rectification is planned. The swirl path (which is used in the swirl calculation altering
the single path values), however, has a much larger impact on the resultant output and renders
the meter virtually unusable.

5 ADVANTAGES AND DISADVANTAGES OF ULTRASONIC METERS

As a quick reference guide we have outlined some of the disadvantages and benefits of
ultrasonic meters:

Disadvantages of ultrasonic meters

• Internal surface condition of meter effects the measurement accuracy.
• Process noise can effect the measurement integrity.
• Lack of local facilities, at present, capable of performing annual recertification of the meters

leading to expensive transport costs and long turn around times.

Advantages of ultrasonic meters

• No line obstruction.
• No pressure loss.•

13



• Minimal installation requirements. Only 10 diameters of straight matching pipe upstream
and 3 diameters downstream to achieve accuracy.

• Bi-directional capability. If this is a requirement, then 10 diameters of straight matching pipe
must be present in each direction. Testing should be done in both flow directions.

• No mov ing parts.
• No lubrication or periodic maintenance.
• Large turndown ratio.
• Digital waveform sampling and detection.
• Powerful noise reduction technology.
• Extensive self-diagnostics.
• Immediate alarm reporting.
• Ultrasonic paths configuration means better measurement of asymmetric and swirling flow.
• Built in redundancy, measurement can continue after path failures.

•

•

6.0 CONCLUSIONS

Ultrasonic meters have been shown to be suitable for application in fiscal service, achieving the
dual objectives of cost reduction and high accuracy.

The design and operating principles of ultrasonic meters give accurate measurement of velocity. •
However, changes in the surface conditions of the meter result in variations in the value of flow
rate. .

Ultrasonic meters tell us much more about the flow conditions inside the pipes than previous
technologies. They have revealed issues that have been hidden up to now. In practice, for the
measurement of gas flow they are as good as if not better than other meter types.

At present it is essential to calibrate ultrasonic meters for a particular installation until the historic
evidence shows that the meters are stable.

Our understanding of this technology, whilst improving all the time is still relatively small.
Manufacturers and the test facilities have been very proactive in the discussion and resolution
of the development I teething problems we experienced. This networking must be actively
encouraged.

14
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Figure 5 - Good functionality of the ultrasonic flowmeter

Figure 5 shows a typical graph of the AGC_ratio (Autmatic Gain oontrotjatlo) versus the B-
factor. As long as the AGC ratio is larger than 5 the instrument is functioning properly (level
has not reached the limit). Figure 5 shows that a rapid decrease of the AGC ratio occurs
starting from a 8-value of about 1.

8 CONCLUSION

The objective was to establish a model capable of predicting the performance of an
ultrasonic flowmeter in a specific application.

This report shows that· based on installation (piping) drawings, the control valve
characteristics and relevant process parameters, it is possible to calculate a 8-factor value
that predicts whether the ultrasonic flowmeter can function properly in a specific application.
If not, it can be calculated to which extent additional measures are required to assure proper
operation of an ultrasonic meter in the installation under study.

9 FINAL REMARK

For the calculation of the indicator (8) a first approach can be made by using a valve
characteristic value Nv of 1 as default value. For a more accurate assessment it is
recommended to use the valve characteristic value. In case this value is not available
Instromet has the equipment and capability to perform measurements on a site where a
representative model of the particular valve is in operation as long as provisions can be
made to install ultrasonic measuring microphones. In this way most applications can be
analyzed for acoustic noise behavior and an advice can be given for the applicability of our
ultrasonic gasflowmeters analyzers.
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1 INTRODUCTION

The purpose of· this presentation is to put forward some. operator-viewpoints-on needs for
improvements within the area of flow metering.

The focus of this paper is mainly on fiscal metering; both for existing and future offshore
platforms.

• Fiscal metering in this respect includes export metering of oil and gas, plus the ownership
allocation metering; Le. metering of hydrocarbon streams between field owners.

2 SUMMARY OF VIEWPOINTS ON PRESENT/FUTURE NEEDS

The essence of this paper regarding the needs within the area of flow metering can be
summarised as follows:

• Need of an "un-manned" fiscal oil metering and water fraction concept with a lower
frequency of repair and intervention than conventional concepts.

• Need of lighter, smaller oil metering systems with known uncertainty.
• Need of metering systems proven to operate accurately for oil at the bubble point.
• Need of performance data from multiphase meters working in a real system.
• Need of further development of ultrasonic meters (USM) within a number of areas.

3 GENERAL

• When planning a new metering system there are always one or more of the areas listed below
where particular needs are highlighted:

• Weight
• Compactness

• Price
• Delivery time

• Accuracy
• ReliCibility
• Amount of maintenance and calibration
• Conformance with accepted standards and regulations

Which of the areas that has the strongest needs may vary from case to case.

You can never get a high score in all of these areas. If you want a system that is compact,
light and inexpensive, you won't get the maximum score on high accuracy.

•



• The oil, in spite of being on the verge of starting to form bubbles at the slightest pressure
drop, must be metered with a reasonable uncertainty. This uncertainty must have a
reasonable value which must be known and documented in such a way that all involved
parties can agree on it.
The gas is also on the verge of condensing at the Slightest drop of pressure or
temperature and has the same requirement to have a reasonable known and
documented metering uncertainty.

• An automatic oil sampling system or water in oil meter which is reliable and accurate for
monthly averaging of water content of the oil at 1st stage separator conditions.
Automatic oil samplers are, however, not reliable. Water in oil meters need a bubble
free stream after oil has passed through the static mixer which leads to a pressure drop
which again may lead to bubble formation.

•

In the first phase of the North Sea oil and gas era, there was a strong emphasis on the areas
of accuracy and conformance with standards and regulations. Today, however, it has become
necessary to weigh "needs in different areas against each other. This is because there has
been a number of changes in the area of field economy and field development, some of these
changes are reflected in the sections below.

•
4 UN-MANNING OF PLATFORMS

There is now more focus on un-manned platforms for marginal fields.

A typical un-manned production platform will accomodate wellheads, a 1st stage separator and
may have a need of fiscal metering of the oil and gas output streams. These two streams may
after metering,- be commingled in a multiphase pipeline or leave in separate multiphases
pipelines to be brought into the processing plant of existing platform(s).

On this typical un-manned platform there may be no living quarter, no equipment that needs
large amounts of power and equipment that needs frequent maintenance (and calibration) will
be avoided.

The streams to be fiscally metered are "raw" streams, coming directly from the separator
outlets. Pressures and temperatures may be high. A power consuming heat exchanger or
other facilities to dry the gas before metering, is out of the question. So the gas has to be
metered in a saturated or ·wet" condition.

•
Further, 'there may be "no power consuming, maintenance adding booster pump to provide
back pressure for the oil stream to be metered. The oil stream will only get the pressure
boosting available as hydrostatic head, typically a maximum of 5-10 metres.

Also, the oil may contain large fractions of free water.

The special needs of flow metering for such a platform include a number of the areas of the list
in Section 3: Low weight,small size, high reliability, low frequency of maintenance and
calibration. In addition, there are these extra needs:

•

As stated above, it is not possible to find a system which have a high score for all of the areas
of metering. In a typical case with an unmanned production platform for a marginal field, two
sacrifices can normally be made:

• The price of the metering system is, within reasonable limits, not critical
• The accuracy requirements may in many cases be relaxed

•
2
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• There is however a problem when you leave the conventional concept of turbine meters and
prover which has a lot of standards and history to back it up: you tend to end up with a system
for which it is very difficult to document figures for uncertainty. If you cannot do that, it is
impossible to make any cost/benefit evaluation that you will need to gain acceptance for such
a system from partners, NPD and other "interested parties".

On the gas metering side, we are in a better position when it comes to meeting requirements
for low weight, small size etc. and proven accuracy when gas is on the verge of condensing.
The ultrasonic metering systems are now available as an accepted fiscal metering concept. It
should be noted that further needs within ultrasonic gas metering is dealt with in one of the
sections below.

5 TIE IN OF A SATELLITE FIELD'S SUBSEAWELLS~O AN EXISTING
PRODUCTION PLATFORM

••
Instead of installing a wellhead platform with pipeline to the neighbouring platform, as
described in the previous section, a new field may be produced by subsea wells with
multiphase pipeline(s) to an existing platform. At the receiving platform, there are, mainly, two
ways to deal with the incoming stream:

•

• The stream is lead into the 1st stage separator of the existing process plant. In such a
case the only way to "meter" the quantities of oil and gas from the satellite field is to use
a test separator for "flow sampling" or to combine the use of multiphase meters and
testseparator.Use ofthe test separator in combination with well performance plots and
wellhead pressure measurement is a rather rough method of fiscal metering. On the
other hand, cost/benefit analyses using NPV of field reserves and differences in field
ownership and royalty for the satellite' field and the existing field, will often justify the risk
of 5-10% metering error of a test separator metering scheme. The ideal situation would
of course be to have accurate, well proven multiphase meters to perform continuous
metering. However, we are waiting for more real life data from the new fields with such
meters installed to demonstrate the present state of multiphase metering over a wide
range of applications. The need for data from real life operation and other needs in
connection with multiphase metering, is dealt with in a separate section of this paper.
An alternative to let the satellite field's production enter the existing field's separator, is to
install a dedicated 1st stage separator for the satellite field. As far as metering is
concerned, we are then back to a similar Situation to that of the unmanned platform of
the previous section. There is a difference, however, that frequent maintenance and
reliability is not such a big problem, since the platform is manned. The main need here
is an oil metering system with lower weight and smaller size than a conventional system
and with documented figures for the accuracy in real life use.

•

6 WEIGHT SENSITIVE PLATFORMS

The fields in the Norwegian sector have gradually moved from shallow to deeper water. The
heavy concrete platforms with their large weight carrying capacity now seem to belong to
history. The new platforms for deep waters are floaters, a lot of them are ship constructions.
So far, weight and and size of topside equipment have not become a particular problem for this
type of floater.

However, ship constructions are not always the optimum floater for production facilities.
Where no storage facilities for oil is needed as part of the construction, floating platforms like
the semi-submersible drilling platforms, seem to be preferred. The experience with such
platforms, from a metering engineer's point of view, is that they seem to have a very high
marginal cost per ton of topside equipment, compared to the old platforms.

•



In pre-engineering studies, marginal platform costs as high as 1000NOK per kg of topside
equipment, has been used for concept optimisation. As a typical price level per kg for large
conventional metering systems are of the order of 200-400 NOKlkg, this means that the
building site costs may be up to 5 times the cost of the equipment itself.

From the trend of platform design it may be concluded that there is a very strong need to
reduce weight of metering systems.

For a floating production platform which is now under construction, one gas meter run with two
ultrasonic meters in series, will be installed as a fiscal export gas metering station. There will
be a very strong need that this concept is proven in real life to be as accurate and reliable as a
conventional multi-run orifice metering station, so that such a system becomes a generally
accepted concept for fiscal gas metering. . - ...._.' - ..

7 CRUDE OIL METERING SYSTEMS FOR OFFSHORE TANKER LOADING FROM A
MARGINAL FIELD

Traditionally, offshore measurement of crude oil batches to marine tankers have been made by
metering packages with turbine meters and prover.

Such systems are very accurate and reliable. However, for smaller fields they may be far too
big, too heavy and too expensive to maintain.

It was the "giant" oilfields of the seventies and eighties that set the standards for metering
practices and governmental regulations in the North Sea. The enormous monetary value of
the oil reserves in these fields could justify almost any level of cost of measurement.

As time went by the new oilfields got smaller and the oil companies had to pay more attention
to the cost benefit ratio of using traditional measurement systems. Also the governmental
regulations were amended so that it was easier to get acceptance of less expensive metering
schemes if justified by cost/benefit evaluations.

The value of 0.5% is
used here as a potential
metering loss when there
is no measurement
made at the exporting
platform. It should be
noted that this figure has

been chosen as a parameter in the cost/benefit evaluations of crude oil measurement systems
because 0.5% is very often used as a maximum deviation limit in crude oil transactions. It is
not based on any data beyond this.

Potential metering loss VS. metering costs
For offshore loadillg of crude oil, traditional mllterillg sVlltem

A B c E F G Ho

• Potelltial metering loss
• Cost of traditiOll.1 metllrillg

Figure 1 - Cost/benefit relationship

4

Figure 1 illustrates the
cost/benefit relationship
for traditional oil
metering packages for
some offshore loading oil
fields in the North Sea.
The chart shows the
NPV of 0.5% of the
platform's export quantity
during its lifetime (dark
bar) together with the
total lifecycle costs for a
traditional metering
package (grey bar).

•

•

•

•



5

• The two fields, A and S, in the left part of the chart, belong to the "giant" category of oilfields of
the early eighties. As we move to the right in the chart, we find some of the fields that has
been developed during the late eighties and the nineties.

Fields C, D and E have a reasonable margin between metering costs and a potential metering
loss of 0.5%.

Field G delivers all of its export oil to a terminal which has a traditional turbine meter/prover
measurement system, operated and maintained in accordance the offshore measurement
regulations. Based on this, it was accepted that no fiscal measurement needed to be made at
the platform.

For field H, the cost of its traditional metering system, marginally outweighs the value of a
potential metering loss of 0.5%. This fact was acknowledged at the time when the technical
concept of the field development was settled, but for a number of reasons it was not possible
to get all involved parties to agree on a less expensive metering scheme.

The main reasons for this were probably as follows:

• In the "world of the North Sea flow measurement" there is presently only one undisputable
standard for crude oil fiscal measurement. This standard is represented by the traditional
equipment, of turbine meters and prover, calibrated, maintained and operated at high costs
with specialised personell.

For situations where there is a need of a less expensive fiscal metering scheme, we have not
yet managed to establish a standard for 2nd class of fiscal oil measurement which is
acceptable to all people involved in the production, transport, sale and purchase of crude oil.

In the authors' opinion, the following is needed to establish such a standard:

• More real life, operating experience with alternative metering systems, for example liquid
ultrasonic meters schemes, with the emphasis on long term stability and reproducibility from
laboratory conditions to field use.

• Open presentation of all such operating experience by the users, including both positive
experience and negative experience.

• · A written standard for this 2nd class of fiscal oil measurement, known to be based on real life
experience, with technical details and specific figures for measurement uncertainty.

8 FISCAL GAS MEASUREMENT

8.1 General

In traditional systems up to the early nineties, orifice "techncloqy" for several reasons, has
been the dominant concept for fiscal gas metering. In purely dry gas service, on sales-
metering onshore; gas turbine meters are however in use.

Traditionally; orifice metering systems have been quite large, heavy and a lot of capital and
maintenance effort have been put into these systems. In order to achieve sufficient straight
pipe on the Ekofisk 2/4·S riser platform, the gas metering station was the controlling equipment
for the plattform length!

•
To be able to meet the field and pipeline development requirements for more compact and
cheaper systems; at least two concepts have been in focus for fiscal use the last 5 - 10 years.
The first one is orifice with flow straightener in combination with extended beta ratio and higher
delta p, and the second is ultrasonic meters (USM).



• further move towards wet gas metering.

extended use of "raw" data from the meter ie performance monitoring, density
measurement, liquid fraction metering etc.

intelligent meters with built in methods for indicating if actual flow profile is within
acceptable limits.

• establish well proven methods with respect to how to verify that the meter output is still
valid after typical 5 years in service without recalibration.

•

8.2 Ultrasonic meters (USM) •The need of more compact systems compared to orifice, was obvious; and earlier studies ref
(1) indicated space savings in the order of 80-90 % and weight savings in the order of 50-60%
using USM. For a particular project it has been found "site" cost reductions of approx, 90%
utilizing USM technology compared to traditional orifice meters.

Besides, it looks like the orifice meter has, for many years, been at the end of the road with
respect to improvements of accuracy. The USM however is still in its youth with a high
potential for further improvements.

The benefits given below is commonly accepted for an USM system:

• reduced costs (capital, maintenance & operational) compared to orifice systems.

• improved turndown.

• improved selfdiagnostic.

• improved understanding of metering installations' flow profile and swirl.

However, even if the USM technology is accepted by NPD, they give no "standard" permission
to utilize a USM without spare meter tube. Full redundancy is not achieved for two meters in
series before we are able to perform full transducer changeout on one meter; while keeping
the other in service. This fact forces the operators to continiously collect experience data with
regard to long term stability andrehability.

•
With respect to USM improvements it should be focus on the following key topics:

• improve the ultrasonic technology in respect of:
high temperature range (100 - 130(C)
high pressury (>200 bar)

• generally improve the documentation to establish the effect of upstream disturbances.

• noisy conditions; generated in the flow/pressure control valves.

•
•

9 MULTIPHASEFLOWMETERING

Accurate metering of unseparated well streams is of vital importance in subsea satelite field
development projects, but the technique also provides Significant benefits in standard platform-
based production cases. Application for multiphase flow metering include well monitoring,
reservoir management, production well allocation and process control

Utilizing the multiphase metering technique will add value in the following ways:

• reduce the need of subsea test lines from remote wellheads

• reduce time needed for well testing

• release test separator for low pressure production

•
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•

•

•

• immediate detection of changes in well performance (gasl water breakthrough)

• optimize process plant performance

The following items indicate some forthcoming challenges with respect to multiphase metering.
It is assumed that a lot of work still must continue from where we are at the moment

Increased field experience for topside and specially subsea real use of the meters output
data. The experience with topside meters is limited and it is not known any published
experience data for subsea meters.

General meter improvements in co-operation with the manufacturer. There will still be
needs of further optimizing the meters. It is reason to believe that real life experiences
will lead to revised meter software. Also the meter's dependency on fluid properties is
very attractive to reduce.

Optimize meter calibration method in order to further improvement of meters
performance. In order to establish well proven calibration methods a lot of details
regarding well composition, fluid data, flow regime, reference meter performance etc.
must be under "control". In order to be able to control and understand the MFM
performance, it will be essentiall to establish the complete "uncertainty" budget for this
kind of metering system.

• Developing alternative calibration methods and optimize systems for a limited flow
regime envelope. In order to reduce the need of a test separator it is also very attactive
to establish the MFM performance (i.e. calibration factor) on a more cost effective basis.
It is believed to be a realistic goal to be able to put MFM in service (topside or subsea),
leave them and use the results for allocation purposes.

•

•

•

• Utilizing MFM system for fiscal use for marginal fields. There are very high expectations
among operators for using the MFM as a fully recongized metering system. The meter
is assumed to cover all needs regarding reservoir control, well monitoring, plant
optimizing, production reporting, well allocation and ownership allocation. An improved
metering concept selection process covering all aspects in the design and operational
phase is essential.

10 OTHERTRENDS

Further on there are several good reasons to believe that there will be strong needs to improve
todays metering solutions with respect to the following subjects.

need for various metering concepts; detailed analysis may conclude that for marginal
fields there is a need of simpler metering concepts as well as more flexible and tailor
made systems.

measure "secondary" parameters due to demand of A) quality control and B) fluid
characterization & modelling. (C02-content, dew point, water content)

• increased need for mass-flow figures; specially for calibration of multiphase meters.

• further development of condition based maintenance methods.

•

•

• extended use of existing metering equipment.

At the bottom line there will always be a need of highly and relevant qualified personell during
concept, selection, design, engineering, construction, commisioning, maintenance and
operation of a metering system.

Finally there is a continiuos need for sharing of relevant information and experience between
the oil companies, the suppliers, manufactorers, contractors and R&D environment.

7
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• THE STATUS OF FISCAL MEASUREMENT LEGISLATION IN THE UK
AND NORWAY

Mr L Philp, OTI Oil & Gas Office, UK

1 INTRODUCTION

The basic philosophy underlying the UK's regulatory regime in relation to the measurement of oil
and gas produced in the UK and on its continental shelf is that regulations, which are secondary
legislation, made under the authority of Acts of Parliament, which are primary legislation, provide
for the inclusion within Petroleum Production Licences of terms and conditions which the
licensee is obliged to comply with. For the purposes of the legislation "petroleum" is defined in
the 1934 Petroleum (Production) Act as:

•
"petroleum includes any mineral oil or relative hydrocarbon and natural gas existing in its natural
condition in strata, but does not include coal or bituminous shales or other stratified deposits
from which oil can be extracted by destructive distillation."

2 LEGISLATION

The principle legislation which applies to the oil and gas production industry particularly in
relation to petroleum measurement is as follows.

The Petroleum (Production) Act 1934.

The Act vests ownership of the petroleum which exists in its natural condition in strata in Great
Britain and beneath the territorial waters of the United Kingdom in the Crown and gives the
Secretary of State, on behalf of the Crown, the exclusive right to grant licences to search and
bore for and get petroleum. The Act also authorises the Secretary of State to make regulations
which, inter alia, prescribe the model clauses for incorporation into such licences.

One of theses clauses is referred to in shortened form as the measurement model clause. This
clause states what the duties of the licensee are in relation to the measurement of petroleum
produced from the licensed area.

• The most recent issues of these regulations are:

The Petroleum ( Production) ( Seaward Areas) Regulations 1996 and,
The Petroleum ( Production) ( Landward Areas) Regulations 1995.

The Continental Shelf Act 1964

The Act extends the powers conferred by the 1934 Act to the United Kingdom Continental Shelf.

The Petroleum and Submarine Pipelines Act 1975

An act which among other things make further provision about licences to search for and get
petroleum.

The Petroleum Act 1987

Sections 17 and 18 and Schedules 1 and 2 to this Act amend the measurement model clauses
which were incorporated into licences in force at the time it was enacted.

• There has since been a new consolidating act,
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The Petroleum Act 1998 •This Act draws together the provisions of the other acts. This act has received the Royal Assent
but has not yet, at the date of writing, been brought into force. After the coming into force any
future regulations will cite the new act as the governing primary legislation.

3 MEASUREMENTMODEL CLAUSES

The measurement model clauses in the seaward regulations are:

(1) The Licensee shall measure or weigh by a method or methods customarily used in good
oilfield practice and from time to time approved by the Minister all petroleum won and saved from
the licensed area.

(2)* If and to the extent that the Minister so directs, the duty imposed by paragraph (1) of this
clause shall be discharged separately in relation to petroleum won and saved -

(a) from each part of the licensed area which is an oil field for the purposes of the Oil
Taxation Act 1975, •(b) . from each part of the licensed area which forms part of such an oilfield extending
beyond the licensed area, and

(c) from each well producing petroleum from a part of the licensed area which is not within
such an oilfield.

(3)* If and to the extent that the Minister so directs, the preceding provisions of this clause
shall apply as if the duty to measure or weigh petroleum included a duty to ascertain its quality
or composition or both; and where a direction under this paragraph is in force, the following
provisions of this clause shall have effect as if references to measuring or weighing included
references to ascertaining quality or composition.

(4) The Licensee shall not make any alteration in the method or methods of measuring or
weighing used by him or any appliances used for that purpose without the consent in writing of
the Minister and the Minister may in any case require that no alteration shall be made save in
the presence of a person authorised by the Minister.

(5) The Minister may from time to time direct that any weighing or measuring appliance
shall be tested or examined in such a manner, upon such occasions or at such intervals and by
such persons as may be specified by the Minister's direction and the Licensee shall pay to any
such person or to the Minister such fees and expenses for test or examination as the minister
may specify.

•
(6) If any measuring or weighing appliance shall upon any such test or examination as is
mentioned in the last forgoing paragraph be found to be false or unjust the same shall if the

-Minister so determines after considering any representations in writing made by the Licensee be
deemed to have existed in that condition during the period since the last occasion upon which
the same was tested or examined pursuant to the last foregoing paragraph.

* Paragraphs (2) and (3) are not incorporated into licences which contain the model clauses in
Schedule 6 to the Petroleum (Production)(Landward Areas) Regulations 1991.

Petroleum measurement is implied by obligations in the licence in addition to those contained in
the measurement model clause. This is discussed below.

2
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• 4 INTERPRETATION

A number of phrases in the measurement model clauses of the Petroleum (Production)
Regulations do not have clearly defined legal meanings and so are open to interpretation. In
order that oil companies, which are required to conduct their operations according to the
provisions of these regulations, may have a framework within which they can lay plans and
make decisions in the knowledge that their proposals are likely to meet with government
approval, the DTI issues guidance notes which provide a framework for metering of petroleum
without imposing over prescriptive requirements.

These guidelines, the current version (issue 5 September 1997) issued by the DTI Oil and Gas
Office are:

"GUIDANCE NOTES FOR STANDARDS FOR PETROLEUM MEASUREMENT

Under the Petroleum (Production) Regulations"

These guidance notes are not prepared by the DTI in a vacuum but are the result of extensive
consultation between the department and a number of organisations with a known interest and

.expertise in the subject. The principal industry representative bodies whose views are sought
are, UKOOA, BRINDEX, and The Institute of Petroleum. While the views of industry and
government may not always be exactly aligned every effort is made to include as many of the
suggestions as possible.

4.1 Critical Words

The Licensee shall measure or weigh by a method or methods customarily used in good
oilfield practice and from time to time approved by the Minister all petroleum won and saved
from the licensed area.

I have emboldened some words in the first part of the measurement model clause to emphasise
some important aspects.

4.1.1 Shall

"shall" is used. This Signifies that there is no discretion here either for the licensee or for the
minister. This means in practice that all oil and gas production measurement systems must be
"approved" .

4.1.2 Customarily Used

The phase "customarily used" would in some interpretations imply that no new technology is
admissible. However it has never been the view in the OTt that this phrase was intended to
inhibit innovation. One could argue that the oil and gas industry has a good track record
developing innovative solutions and by inference that the search for and use of innovative
solutions is oil industry custom and practice. However great care must be exercised in the
selection and deployment of new technology to ensure that it is relevant to the proposed
application.

4.1.3 Approved

The use of the word "Approved" sometimes gives rise to misunderstandings. In a situation
where the pattern and construction of instruments frequently require official scrutiny and the
issuance of a "type approval" document it is easy to assume that something similar is intended
by the regulations. This is not so. It has always been the view that, as the approval is for a
method of measurement rather than for specific instrument types or classes, "approved by the



Where the purpose of measurement is not for product accounting but is for example for reservoir
management other methods will be appropriate. These methods traditionally use test separators
to make intermittent measurements of the wells' flowing characteristics but may also involve
continuous measurement using a variety of measurement techniques. •

minister" uses the lay meaning of the word in that the minister does not disapprove of the
method of measurement. It is in this context that no formal approval has ever been given under
the Petroleum (Production) Regulations. Letters of non-objection or of agreement are therefore
considered more appropriate in signifying satisfaction with measurement proposals. •
5 METHOD OF MEASUREMENT

Where petroleum is delivered to the UK via a pipeline which serves as a common transportation
route for a number of fields then the "method of measurement" will include the measurement of
petroleum at the terminal serving the relevant pipeline as well as the metering system at the
input to the pipeline and the allocation procedures used to determine each contributing field's
share of the petroleum used at or exported from the terminal.

A "method of measurement" comprises not only the metering hardware but also the operating
procedures and procedures for periodic verification of the continued satisfactory performance of
the individual components in a metering system.

5.1 Supervisory Activity

In order to satisfy the Secretary of State that no unauthorised alterations to the approved method
of measurement have been made, officers from the OGO may at their discretion inspect
metering systems at any stage from construction through commissioning into production.
Throughout the producing life of a field operators may expect that fields liable to pay Royalty or
PRT or being co-produced or transported with such fields will routinely be inspected by officers
of the OGO on an annual basis. Additional non-routine inspections may be required if
circumstances warrant. Fields with no impact on Royalty or Petroleum Revenue Tax (PRT) are
liable to be inspected on commissioning and thereafter at the discretion of the OGO on a less
frequent basis than Royalty or PRT sensitive fields.

Officers from the OGO are authorised by the Secretary of State for Trade and Industry to "enter
into and upon any land, installations or equipment" for the purposes laid down in the schedules
to the Petroleum (production) Regulations.

5.2 Other Powers

The Petroleum (Production) Regulations provides for a number of powers to be includes in the
terms of a production licence. Most of these powers relate to the regulation of the development
and production activity of licensees. Those powers which have relevance to petroleum
measurement are annotated in the regulations as the:- "Power to execute works" and the
"Power of revocation"

5.2.1 Power to execute works

This clause states, "If the licensee shall at any time fail to perform the obligations arising under
the terms and conditions of any of clauses 14, 19,22,23, or 26 of this licence, the Minister shall
be entitled, after giving to the Licensee reasonable notice in writing of such his intention, to
execute any works and to provide and install any equipment which in the opinion of the Minister
may be necessary to secure the performance of the said obligations or of any of them and to
recover the costs and expenses of so doing from the Licensee."
These clause numberings are particular to the 1988 seaward regulations but in whichever set of
regulations are relevant the clauses will be appropriately numbered. In the 1988 regulations
clause 14 is the measurement model clause. •
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• 5.2.2 Power of revocation

This clause states, "If any of the events specified in the following paragraph shall occur then and
in any such case the Minister may revoke this licence and thereupon the same and all the rights
hereby granted shall cease and determine but subject nevertheless and without prejudice to any
obligation or liability incurred by the Licensee or imposed upon him under the terms and
conditions hereof." Among the events referred to in the foregoing paragraph is:-
"(b) any breach or non-observance by the Licensee of any of the terms and conditions of this
licence;"

6 CONCLUSION

No mention of meters is made in the regulations. The closest the regulations come to the
mention of "meters" is where they state that "any weighing or measuring appliance shall be
tested or examined". This underlines the principle that the regulations should not be viewed as
prescriptive but rather should enable decisions to be made on a sound engineering evaluation of
what constitutes "good oilfield practice" on a case by case basis taking fully into account all
relevant special circumstances, both technical and economic.

•
.~

•

•
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Norwegian Petroleum
Directorate

• 1984 First regulation related
to fiscal measurement of oil
and gas was issued

• 1991 A major update of the
regulation took place

e After 1991 it has been three
updates which has been
done to make it more precise
and to include new
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•Norwegian Petroleum
Directorate

• The regulatory regime in
NPO is flexible so that . •
adjustments/changes can
be implemented into the
regulatins every year. It is
of course not the intention
to do updates that frequent

• The updates have been
done every second year
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Norwegian Petroleum
Directorate

._ The update 1998 is mainly
due to the fact that two new
Norsok standards were
issued 2.6.98. Fiscal
measurement systems for
hydrocarbon gas 1-104, and
Fiscal measurement systems
for hydrocarbon liquid 1-105.

_ NPD reduces its guidelines
to the regulations and
instead refer to relevant
sections in Norsok



• PAPER' t.t I

• North Sea

Measurement Workshop
1998

AN ULTRASONIC GAS FLOW MEASUREMENT SYSTEM WITH
INTEGRAL SELF CHECKING.

C Letton, Daniel Measurement & Control.
D J Pettigrew, Daniel Measurement & Control.

S Renwick, Daniel Measurement & Control.
J Watson, National Engineering Laboratory

•

fltough
Stamp



1

• 16th NORTH SEA FLOW MEASUREMENT WORKSHOP 1998
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1 INTRODUCTION

Ultrasonic flow meters are becoming increasingly accepted for fiscal measurement of natural
gas, as reflected in the latest standards, regulations, and codes of recommended practice
such as NPD Regulations and Guidelines 1997 [1] and AGA 9 [2]..

• Since this is a new method of measurement to many operators, there is a need for diagnostic
information which:

• gives confidence that the equipment is functioning correctly,
• shows, e.g. by trending, that there has been no long term shift in the measurement, and
• provides, where possible, 'health checks', i.e. advance waming of any future problems

allowing suitable action to be taken in advance.

This need is reflected in the standards, which are moving towards systems which provide
continuous on-line quality control and health checks to verify the correct operation of all
devices. For example:

NPD, 1997 [1]: Guidelines:

"Trending of various critical parameters should be done"

MlNhen using ultrasonic flow computers, the supervisory computer should calculate VOS
(velocity of sound) based on P,T, and gas composition to monitor the vas calculated by the
ultrasonic flow meters ."

• AGA 9 [2): Field Verification Tests:

·Some performance aspects of the UM's condition should be evaluated by comparing the
Speed of Sound (SOS) value reported from the meter to a SOS calculated from the A. G.A.
Report No.8, Detail Characterization Method Equation of State. A chromatographic analysis
... is required for valid comparison".

For a specific Field Verification Test, this AGA 9 recommendation is met by taking a single
sample of gas for off-line chromatographic analysis.

However, a typical field system for measuring energy and mass flow will include a gas
chromatograph to provide the gas composition. In this case, full use of the extra diagnostic
information available can and should be made by doing the comparison continuously and on-
line. Note that the ultrasonic measurement of 50S is a direct measurement based on
measured times and dimensions, and thus is totally independent of the SOS calculated from
the gas composition, pressure, and temperature.

•
If a densitometer is also installed, then in a similar way we can compare the direct
measurement of density with the density calculated from the chromatographic analysis, also
using AGA 8. Figure 1 illustrates this concept schematically.



SUPFRVISCRY CClvIPUIER •

R. Sakariassen [3] has already shown the value of trending Speed of Sound (comparison
between 4 paths) and derived density; we now want to look at absolute comparisons using a
gas chromatograph and densitometer.

With this system (Ultrasonic meter + Gas Chromatograph + Densitometer), the three main
instruments give two independent measures of Speed of Sound and two independent
measures of density. It is therefore possible to cross check all 3 instruments against each
other, deduce which is the odd one out if there is a disagreement, and also provide some
extra redundancy should one of them fail.

The remainder of this paper looks in more detail at the self checking and the diagnostic
information available in each component of such a system. Also evaluated are the
uncertainties in the dual measurements of Speed of Sound (SOS) and density, and the
theoretical limits within which the above components should agree. Finally these theoretical
limits are compared with actual data derived from ultrasonic metering systems, to show how
cross checking could be used in operational practice.

SQS(usm)

USM

AGA8.
Ioof---- P
I+---T

GC •
Figure 1 - Ultrasonic gas measurement system

•
Specific topics in the rest of this paper include:

review of ultrasonic flow meter basics.
self checking in ultrasonic flow meters.
self checking and uncertainty in gas chromatographs
accuracy of speed of sound measured by ultrasonic meters
use of the AGA 8 equation
the applicability of AGA 8 to rich natural gases
calculation of the speed of sound using AGA 8
an integrated configurable system
experimental data
field implementation.

•
•
•
•
•
•
•
•
•
• •
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• 2 REVIEW OF ULTRASONIC METER BASICS

Before looking at the main topics of consideration here, it is worth reviewing the basics of
ultrasonic transit-time flow measurement. Consider the case shown in Figure 2 below.

Figure 2 ~Ultrasonic Meter

If L and X are the direct and lateral (along the pipe axis and in the flowing gas) distances
between the two transducers, C is the Speed of Sound and V the flow velocity of the
medium, and T12 and T21 are transit times in each direction,

then

~2
L

(1)
XC+v·~
L• and

T2\
L (2)

Xc-v':
L

Inversion of these two equations yields

V
[1 (T" - 7;, J (3)
2X T11 . ~2

and

C
L (7;, +~, J (4)=
2 T21 • T.2•
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Thus, by measuring dimensions and transit times in pursuit of the average flow velocity along
the path between transducers, we have also measured the Speed of Sound along this path.
This will prove to be an extremely useful parameter in determining the overall performance of
the meter.

•
3 SELF CHECKING IN ULTRASONICMETERS

One of the principal attributes of modern ultrasonic meters is their ability to monitor their own
health, and to diagnose any maladies which may be detected. Multipath meters offer the
ultimate in this regard, as they can compare certain measurements between different paths,
as well as checking each path individually.

Measures which can be used in this self-diagnosis include the following.

Gain. One of the simplest indicators of a meter's health is the presence of strong signals on
all its paths. Properly designed multipath meters will have automatic gain control on all
receiver channels, hence an increase in gain on any channel indicates a smaller signal on that
channel, perhaps due to transducer deterioration, fouling of the transducer ports, or even
liquids in the line [4]. Caution must be exercised to normalize for other factors which affect
signal strength, such as pressure and flow velocity. Whatever the cause, if it persists and
threatens good signal detection, it is a cause for further investigation.

Signal Quality. This expression simply refers to the influence a detected signal has on a
meter's ability to make a proper detection. Since this is highly dependent on the detection
scheme employed by a given meter, one cannot simply jot down general equations which
describe this parameter for any meter. The vendor of any given meter should, however, be
able to supply some figure of merit describing how good his signal detection is for each
ultrasonic path, i.e. the signal 9!@.!ir£ for this path. Note that this measure may be either
statistical (percentage of good detections) or structural. A good instrument will monitor both.

Signal to Noise Ratio. This should also be monitored as an independent indicator. Note that
the noise may be gas borne, (e.g. from pressure reduction valves), or from coupling of sound
from the transducer to the meter body, or electrical. Stacking can be used to overcome some
kinds of noise problems.

Sanity Checks. Correct meter operation dictates that certain parameters will have well-
defined ranges, and that any measurement or estimate outside that range indicates that an
error has occurred. Likewise, ranges exist for parameter changes. Alarms or warnings can
be raised for out-of-range values for either.

Velocity Profile. Once a meter is placed in a specific gas pipeline configuration, the velocity
profile of the gas for a particular average velocity should not vary a great deal. If the multipath
meter in use is capable of measuring the velocity profile, then significant departures of this
profile from normal should be viewed as a cause for concern.

Speed of Sound. Since an n-path ultrasonic meter has n paths of the type shown in Figure 1,
it has n independent means of measuring and comparing the Speed of Sound (SOS) of the
gas in the pipeline.

Statistical Measures. An ultrasonic meter will typically fire pulses and measure the transit
times at as high a sampling rate as possible, then average the results from a 'batch' of several
measurements. The standard deviation of the individual readings in the batch from the mean
values can be used to indicate meter operation. Deviations can indicate the onset of
problems.

•
4



5

• 4 SELF CHECKING AND UNCERTAINTY IN GAS CHROMATOGRAPHS

4.1 Self checking in GasChromatographs

Most on line process gas chromatographs have a variety of self checking procedures, the
exact details of which are dependent on the manufacturer. Listed below are a set of self
checks suitable for a process gas chromatograph operating with a thermal conductivity
detector.

Status of Detector. The thermal conductivity detector has to be balanced to provide a good
analytical measurement. Detector voltage balance is checked at the start of every run when
only carrier gas is present. Deviations from the balance point indicate a change in detector
circuit conditions and if the signal drifts beyond pre-set limits this should be-investigated.

Signal from Detector. The analogue signal from the thermal conductivity detectors is
subjected to various degrees of amplification. Limits on the allowable range of this Signal, for
example, between 5% and 95% of full scale, are automatically set and checked during data
acquisition. Values outside the limits will indicate a fault condition.

• Analysis Results - Un-normalised Total. There are always small variations between
successive gas chromatograph analyses of the same gas. Furthermore, with atmospheric
pressure sample injection systems the size of sample injected changes proportionally with
variations in ambient pressure. However, in a correctly configured and calibrated system the
un-normalised component total (i.e. the actual quantity of component detected) should always
be close to 100%. Significant deviations from 100% indicate that there is a potential problem
with the analytical set up. In the UK it is normal fiscal metering practice to set the un-
normalised total limits for gas chromatograph analysis to ± 2%.

Analysis Results - Range Lirnits. If the gas composition is known to be relatively stable then
limits for the ranges of individual component measurements or calculated physical properties
can be set.

Calibration. Regular calibration of process gas chromatographs provides a method of
updating response factors for small changes in local conditions. However, for most process
gas chromatographs detector response is constant over a long time period. Perhaps the most
Significant feature of regular calibration is that it gives a performance check, i.e. a comparison
of current performance with a known standard against the last good calibration with that
standard. Limits are set on response factor and retention time deviation, and changes outside
these indicate a significant change in the performance of the analytical unit.

4.2 Uncertainties in GasChromatographAnalysis

It is outside the scope of the current paper to discuss the uncertainties associated with on line
gas chromatograph analysis, and a fuller discussion can be found elsewhere [5, 6]. Briefly,
the principal causes of uncertainty in process gas chromatographs measurement are the
following. First are uncertainties in the calibration gas concentrations. Next are uncertainties
due to variation in instrument response, i.e. repeatability of the process gas chromatographs.
Third are bias errors caused by non-linearity of detector response. Fourth are uncertainties
associated with the values used in the calculation of physical properties, such as density. At
best, with no bias errors and a top quality approved calibration gas, -this can give a density
uncertainty of 0.05%. However, when bias errors are introduced and/or poor quality
calibration gases are used, errors of 0.3% or greater are possible.

5 ACCURACY OF SPEED OF SOUND MEASUREMENT BY ULTRASONIC METERS

•
The Mdrycalibration" of ultrasonic meters is accomplished by making precision measurements
of the meter geometry and transducer delay times. The transducer delay times are
determined by measurements taken in a test cell filled with a known gas (nitrogen) at known



temperature and pressure. The speed of sound of nitrogen is thus known to within 0.1%.
When the complete ultrasonic meter is later assembled, a final check is done by filling the
meter with nitrogen. Measured speeds of sound on all chords must agree within 0.1%, which
takes into account the uncertainty in the geometry (chord length) and transit time
measurements.

•
For a flowing gas, there may be additional effects due to the inability of simple ray theory to
fully describe the complex interaction of the ultrasonic pressure wave with the flow. (For a
more complete explanation, see AGA 9 [2J, Appendix C.) This phenomenon is evident by
looking at how the velocity of sound values vary from inner to outer paths. In the data
presented later in this paper, using four-path meters, it was found that at the highest flow
velocities (28 mls), the four individual speed of sound readings fell within a range of 0.1% of
the average. At lower velocities this figure dropped to 0.05%. It therefore seems reasonable
to bound these errors in flowing gas to about 0.1%.

Overall then, the uncertainty in the speed of sound measured by a multi-path ultrasonic meter
from these three kinds of errors is estimated to be ±..J(0.12 + 0.12+ 0.12

) = ± 0.17%.

6 USE OF THE AGA 8 EQUATIONS.

If the gas composition, pressure, and temperature are known, then both the gas density and
the Speed of Sound can be calculated from the gas equation of state. The accepted standard
equation of state for lean natural gases is the current revision of AGA Report No 8 [7), using
the Detail Characterization Method (complete gas composition).

•
This equation is valid for lean natural gas mixtures over a wide range of conditions.

In principle, the gas chromatographic technique for the determination of density should be as
effective as that using a fully calibrated and traceable densitometer, given that the
measurements of pressure, temperature, and the gas composition are made to a sufficiently
high standard.

6.1 AGA 8 Accuracy· Lean Natural Gases

The accuracy of the AGA 8 equation of state depends on the composition of the natural gas
and on the temperature and pressure at the metering conditions. The targeted uncertainties
(at two standard deviations) for the AGA 8 equation of state in terms of temperature and
pressure are:

Table 1 •
. Region Temperature Absolute Pressure c.Uncertainty in .

Range Range Density~ "

1 -8 to 62°C o to 120 bar 0.1%
2 -60 to 120°C o to 170 bar 0.3%
3 -130 to 200°C o to 700 bar 0.5%
4 ·130 to 200°C o to 1400 bar 1.0%

The AGA 8 equation is claimed to meet these expected or targeted uncertainties for gas
mixtures having a normal range of compositions, see below, within Region 1, and in parts of
Regions 2, 3, and 4. For the expanded range of compositions given in the following Table, the
uncertainties are expected to be higher.

•
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• Table 2

Normal Composition Range Expanded .Composition Range
Component Lower limit Upper limit Lower limit Upper limit

(mole%)· .. (mole%) (mole%) (mole%)
Methane 45 100 0 100
Nitrogen 0 50 0 100

Carbon dioxide 0 30 0 100
Ethane 0 10 0 100

Propane 0 4 0 12
Butanes 0 1 0 6

Pentanes 0 0.3 0 4
Hexane's plus 0 0.2 .. 0 dew point

7 THE APPLICABILITY OF AGA 8 TO RICH NATURAL GASES.

•
The application of the AGA 8 equation to rich natural gases (approximately 60% methane with
the balance being heavier hydrocarbons), as encountered in gas condensate fields in the
North Sea, has only recently been tested.

The UK National Engineering Laboratory (NEL) has been involved in a Joint Industry Project
to investigate the applicability of the AGA 8 equation to rich natural gas mixtures. A
measurement program was launched, firstly, to determine the magnitude of the differences
between AGA 8 and reference-quality density data for ten natural gas mixtures in the range 80
to 180 bar and 40 to 80°C; and secondly, to provide reference-quality density data for
subsequent refinements to the AGA 8 equation. The reference-quality data were obtained
using NEL's primary standard densitometer.

The evidence from this major research program has established that:

• calculated densities for mixtures with compositions in the expanded range are better
than expected.

• the maximum differences between measured and calculated densities occur for those
mixtures with component compositions above, or close to. the upper limit of the
expanded range of compositions; and

• the upper composition limit for carbon dioxide (30%) for normal range application is
much too high.• 8 CALCULATION OF THE SPEED OF SOUND.

The Speed of Sound of the gas mixture can be calculated by an extension of the equations
given in the AGA 8 standard.

The necessary equations are detailed in a GRI report [8], which uses essentially the same
equation of state as found in the 1985 version of the AGA 8 standard. These equations
should be upgraded to be consistent with the latest (1994) edition of AGA 8. Also, the
equations require a knowledge of Cp, the ideal specific heat of the gas at constant pressure.

All calculated values of Speed of Sound in this paper were derived using the implementation
of the AGA 8 equations by Daniel Measurement and Control for use on their systems. Similar
calculations are available as PC based programs from various sources, e.g. the AGA 8
package from NEL, which supplies a complete range of calculated properties, including Speed
of Sound, and is supplied in Excel compatible form.

•



8.1 Uncertainty of the calculated Speed of Sound •The uncertainty in the calculated Speed of Sound depends upon:

• the uncertainty inherent in the equation of state calculations.
• the uncertainty in line pressure and temperature
• the uncertainties in the measured gas composition

The accuracy of the AGA 8 equation of state depends on the gas composition, pressure and
temperature. The equations are less accurate at high gas density (lower temperatures and
higher pressures), and with richer gases, or gases containing relatively large amounts of CO2,

The accuracy of the Speed of Sound calculation (Daniel implementation) has been quantified
by comparing the calculated values with experimental data published by NIST [9], which has a
stated accuracy of ± 0.05% on measured Speed of Sound values.

The NIST data uses 4 natural gas mixtures, 2 of which (Gulf Coast and Amarillo) are lean
gases within the normal range of AGA 8. The third mixture used (Statoil Dry gas) is only
slightly outside the normal range (ethane = 13%), and is included in the results below as a
normal gas. The final mixture is Statoil Statvordgass, which is a richer gas in the AGA 8
expanded range. •
For lean natural gas above O°C and below 130 bar, the agreement (95% limit) between
calculation and measurement was found to be ± 0.07%.

The results for a wider range of conditions are summarised in Table 3.

Table 3

Gas Composition Temperature Pressure Uncertainty
in calculated SOS

(95% limit)
Normal > O°C < 100 bar 0.07%

u u 100 to 130 bar 0.16%
u -23"C to O°C < 100 bar 0.13%
u u 100 to 130 bar 0.64%

Statoil Statvordgass* 25°C to 75"C < 60 bar 0.11%
A .. 60 to 105 bar 0.90% •* The Statoil Statvordgass composition is:

methane 74.348%
ethane 12.005%
propane 8.251%
normal butane 3.026%
normal pentane 0.575%
normal hexane 0.230%
nitrogen 0.537%
carbon dioxide 1.028%

Similarly, the uncertainties due to measurement of gas composition, pressure and
temperature have been estimated numerically by observing the effect on the calculated Speed
of Sound, independently varying each parameter. If we postulate uncertainties of 0.3"C and
0.2 bar in the measurement of pressure and temperature (maximum allowed by NPD
requirements for fiscal systems) and feed these into the Speed of Sound calculations, the
added uncertainty in Speed of Sound is roughly 0.07%. •

8



from NIST measurement:
from equation of state:
from P and T:
from gas analysis:

0.05%
0.07%
0.07%
0.05%

• Similarly, the uncertainties in composition from a typical gas analysis system results in an
added error of roughly ± 0.05%.

In summary then, the overall uncertainty (95% confidence limit) in calculated (AGA 8) Speed
of Sound, for a normal gas below 100 bar and above O°C, is:

Total (square root rule) = 0.12%

-
For richer gases, lower temperatures or higher pressures, the uncertainty will be greater, as
indicated above.

9 AN INTEGRATED CONFIGURABLE SYSTEM

• Refer to the system shown in Figure 1. This is an integrated system for volume, mass and
energy flow with additional checking, in the sense that the three main components provide two
independent measures of both Speed of Sound and density. They can therefore cross-check
one another, as well as provide an extra level of redundancy. However it is also configurable
in the sense that various components can be switched off, or even omitted entirely to give
reduced cost for suitable applications.

It is worth noting that the Speed of Sound is used as a correction to the densitometer
measurement, and therefore in this system, the densitometer accuracy can be increased by
using the Jive Speed of Sound measurement from the ultrasonic meter (backed up by the gas
chromatograph).

Possible reduced configurations are:

1) USM +GC (no densitometer):
Still provides volume, mass and energy measurement with cross checking on Speed
of Sound.

2) USM + densitometer (no GC):
Provides volume and mass flow. The 'fall back' for energy would be to enter a fixed
gas composition, or fixed heating value.• 3) USM only.
This is suitable for certain kinds of systems, and can be useful if the gas composition
is well known and does not vary significantly from week to week.

10 EXPERIMENTAL DATA COMPARING SPEED OF SOUND AND DENSITY

In order to investigate the degree of agreement that can be expected in normal operation,
between the dual measurements of Speed of Sound and density, data has been collected
from flow calibration tests of Daniel 4-path ultrasonic meters with nominal sizes of 6", 8", 10"
and 12". In each case the data covers flow velocity ranges of approximately 2 to 28 mlsec,
using typical lean natural gases, pressure ranges of roughly 30 to 50 bar. The 8" meter data
was obtained during approval tests at the Gaz de France facility at Alfortville, Paris. The
remaining data were obtained during flow calibrations carried out at the British Gas flow test
and calibration facility at Bishop Auckland. UK. The gas chromatograph at Bishop Auckland
was a Danalyzer, that at Alfortville was by another manufacturer. The authors gratefully
acknowledge the help and co-operation received at both of these sites.

•
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10.1 Speed of Sound •The preceding sections show that the expected uncertainties (2 standard deviations) in
Speed of Sound are:

USM measurement
Calculated (AGA 8)

± 0.17%
± 0.12% (lean gas, P < 100bar)

In actual practice, using lean natural gas below 100 bar, we would therefore hope to find that
95% of readings agree within about 0.21% (about 0.8 m/sec).

The actual data for the 4 meter sizes is summarised in what follows. Each figure shows
trended values covering 2 to 3 hours.

First shown is data from the 8" meter in Figure 3, comparing the average Speed of Sound
over the 4 paths with the AGA 8 calculated value.

400
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402.5
0

•
-- USW(rrin)

., USW(rrax)
--f¥3,A8

5 10 15

Time

20 25 JO •
Figure 3 - 8" meter. Measured vs. calculated SOS

At each measurement point, ten successive values of the ultrasonic meter Speed of Sound
were logged. The two curves which show the minimum and maximum values from each of
these sets demonstrate a repeatability in the SOS measurements of better than 0.03%.

Figures 4 through 6 show the AGA 8 calculated Speed of Sound trended against the
individual Speed of Sound readings from the four paths. Note that in each case the
agreement on all chords is roughly as expected, but that the agreement on the two central
paths (chords B and C) is significantly better than on the outer paths (chords A and D).

•
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Figure 6 - Twelve-inch meter. Measured Speed of Sound on four chords vs. AGA 8
calculation

From the above results, it is clear that on a multi-path meter, absolute Speed of Sound
comparison is best done using the central paths. As pointed our in our earlier discussion, this
is due to the complex nature of wave propagation in the flowing medium, which seems to
most greatly affect the outer chords.

The Table below shows the rms and maximum deviations between AGA 8 and USM
observed, using the mean values of SOS on the central (8 and C) chords for each meter
(except the eight-inch, for which individual chord readings were not recorded).

This suggests that when using on-line cross-checking of Speed of Sound, a reasonable
approach would be to set an alarm limit of about ± 0.3%.

10.2 Test Data - Density

The expected uncertainties (2 standard deviations) in density are:

Densitometer measurement: ± 0.3%
Calculated (AGA 8) density: ± 0.1% (normal gas, region 1)

In real operation, using lean natural gas, we would therefore expect the difference between
the two derivations of density to fall within ± 0.33%. (95% limit).

•
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• Figures 7 and 8 show density data (densitometer v. AGA 8) from the tests of the eight-inch
meter at Alfortville. The second figure shows the same data set as the first, expanded to
show more detail.
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Figure 7 - Measured density vs. calculated density (AGA 8)
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Figure 8 - Measured density vs. calculated density (AGA 8)
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[9] Younglove, B.A., Frederick, N.V. and R.D. McCarty, National Institute of Standards
and Technology, Monograph 178, Speed of Sound and Related Models for Mixtures
of Natural Gas Constituents, January 1993. •

Once again, the two measurements track well, with a small systematic offset. The deviations
between the two measurements range from 0.45% to 0.24%, slightly outside the theoretical
predictions, but broadly as expected. •
The result and theory both suggest that when using density as a health check, a reasonable
limit for raising an initial warning alarm would be a difference of ± 0.9%. This may depend on
the specific densitometer being used.

11 FIELDIMPLEMENTATION

What we have shown here is a method whereby three instruments can yield independent
estimates of two key parameters, thereby permitting the user to detect a malfunction in any of
the three. The calculations shown were all performed on a PC, which raises the question of
how the method will be implemented in field operation. Must a PC, either standalone or as
part of a supervisory system be present in order to perform the algorithms?

Fortunately, the next generation of panel-mounted flow computers will be capable of
performing tasks such as this, which formerly required a standalone computer. One recent
introduction incorporates a fast 32-bit processor, and is thus fully capable of performing the
AGA 8 calculations, as well as interfacing to the ultrasonic meter, the gas chromatograph, and
the gas densitometer. •
12 CONCLUSION

The above results indicate that, in addition to the internal checks available within an ultrasonic
meter, it is both practical and useful to incorporate both gas chromatographs and
densitometers to give independent checks. Practical operational limits for initial warning
alarms would appear to be about ± 0.3% deviation in Speed of Sound, and ± 0.9% in density.
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1 INTRODUCTION

This paper has been wrinen with the intent of sharing an operator's experience associated with
the application of ultrasonic gas meters in fiscal service. The paper starts on general calibration
issues and then focuses on the performance of a five-path meter, which has been in fiscal
service for the last three years. Some further experience from the testing of three and four path
ultrasonic devices will also be covered. Issues from initial testing, routine maintenance, in
service operation and general observations will be discussed to increase awareness of the
areas of concem and potential pitfalls.

The historical trends obtained from the progressive testing of the five-path meter demonstrates
the suitability of this device for the demanding application of sales gas metering with the
associated tight uncertainty requirements. Use of such meters will give operating companies
many benefits and cost savings in project development and in day to day operations, while the
customer can have confidence in the accuracy and repeatability of the instrument. With the
increasing demands to reduce operating costs, the reduction of maintenance and recertification
activities must be actively pursued.

As this technology is still in its infancy all associated parties need to communicate actively and
work together to improve our common understanding and knowledge of this type of meter.

Areas that offer the largest potential gains are:
• Effects on the meter response to differing surface conditions of the meter internal pipe wall

and the associated upstream and down stream meter tubes.
• Simple methods for insitu testing, removing the requirement for frequent testing at

calibration facilities, (e.g. the possibility of a simple method for zero checking the meter).
• The effects of noise from external sources and system design to avoid such problems.

2 CALIBRATION

2.1 Selection of a suitable test facility

If the meter is new and under going acceptance trials the test venue will normally be selected by
the manufacturer. This choice of venue should be discussed and agreed with the customer.
The manufacturer may have built up an understanding with a particular test facility but it may
not be the most cost-ettective venue for the customer. To establish traceability. the meter will
ideally be returned to the same facility a number of times. This will be an on going cost for the
customer.

Before the initial tests a clear understanding of the program of events and procedures being
used should be discussed and agreed, so all parties are aware of the deliverables required and
the acceptance criteria.

The operator is then faced with a problem on subsequent tests, should he repeat the test at the
same location or can he be more flexible and tender the recalibration, thereby obtaining a better
deal elsewhere. The operator is required to build up a history of calibration data of a meter in
Fiscal service. He must demonstrate to both customers and govemment bodies that the meter
is reading without bias and accurately over the operating range and that it is being operated and



maintained within the terms of the commercial agreements. This usually means that once a •
particular facility has been chosen, it will be used repeatedly (assuming testing meets the
requirements) until historical evidence and an understanding of the instrument's perfonnance
has been built up.

•

2.2 OPERATOR EXPECTATIONS FOR THE CALIBRATION

The following three areas give the expectations of the operator, when interfacing with the test
facilities and the meter vendor during calibration testing.

2.2.1 Actions to be considered and undertaken by the operator

• The test facility chosen must be traceable to a recognised International standards authority,
with the primary calibration test records available for inspection at the facility.

• The facility should be accessible, both from testing availability (given reasonable notice) and
location (transport and accommodation).

• Have the ability to reproduce the operators pipework configuration for the test i.e. Upstream
& downstream lengths, inlet bend CT, curve or 90~ and pipework classification.

• The ability to meet the requirement to quickly change pipework configuration, giving the
possibility of completing multiple tests on one day.

• Having the availability of suitable quality test gas to enable the full operating range of the •
instrument to be tested.

• Have access to all aspects of the testing facility for inspection during the test (if safe to do
so).

• The meter should be ready to test (even if this requires the vendors to perfonn a pretest).

2.2.2 Information requirements of the calibration facility

• Prior knowledge of the instrument to be calibrated, both size & body rating and interface
requirements for the electronics.

• Information on the required test configuration.
• What is the full range of flow. how many test points and repeats are required.

Considerations for repeat tests as a mirror image.
• What type of factor adjustment is required i.e. linear interpolation or 'Nth' order curve fit.
• H repeat test points are required after factor adjustment has been applied as a check

reference.
• H any extra testing will be required and for what purpose i.e. removing probes, altering

surface conditions of the meter.
• The number of people attending and whether they require reports of the test results.
• Any preparation works prior to installation in the line i.e. surface cleaning. •
• The format, including what language. of the test certificate.

2.2.3 Service provision from the vendor if requested to be present at the test

• Sufficient quality and quantity of equipment to allow testing to commence i.e. power
supplies, interface boxes, diagnostic software.

• Ability to obtain parts at short notice so that calibrations can continue even if a component
failure occurs.

• Offer full technical support, on operation of all associated equipment, the analysis of the
results and possible suggestions from operational experience.

• Clearly written user manuals giving details of the meters build and operational calculations .

2
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• 2.3 Actual calibration

2.3.1 Preparation

The preparation prior to testing determines the success of the exercise. If everyone associated
with the activity is aware of the tasks, procedures and deliverables, the calibration can be
completed in a reasonably short space of time and in a controlled manner.

Once the operatorlvendor establishes the need for a calibration and has determined the type of
testing required, a discussion with the test facility is recommended. This will produce availability
dates of the facility for the test, an estimate on time required for the proposed testing required
and highlight any need for procurement of new spools. Agreement on the upstream and
downstream straight lengths is a must.

The required flow range must be determined, the number of points across the range should be
checked and the number of repeats at each point agreed. "This decision depends on the service
the meter has seen. At present for a new meter a full comprehensive check is almost essential,
whereas repeat calibrations can be less ownerous depending on previous calibration history.
For a new meter, a minimum of six flow rates at equidistant points across the flow range are
required, with three repeats at the four higher flow rates and five repeats at the two lowest flow
rates. Using the high flow rates first gives better temperature stabilisation. After a factor
adjustment has been applied, two spot checks within the range shall be made. In principle, as
our understanding increases, it should be possible to use the manufacturer's factory calibration,
derived from metrology of the meter, for the initial settings.

The cost of testing can vary from facility to facility, charges can be against the number of
required flow ranges, or the number of repeats per flow range (the total amount of runs
required), or even based solely on the time period for which the facility is being utilised by the
customer. The costs can normally be adjusted during discussion with the facility personnel.

As each test run is completed a resultant performance curve will become evident. The method
of factor adjustment should be considered. This may depend on the software available in the
meter's electronics or the associated flow computer being used. Also different manufacturers
meters produce different shaped curves, so another method of adjustment may be required.
The required test certificate I report information should also be defined with inclusion of test
temperature and pressure .
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2.3.2 Flow factor adjustment techniques

This section aims to explain and demonstrate the current techniques and philosophies used to
adjust the meter to read without bias and accurately. For all the correction demonstrations,
actual calibration data has been used.

Average flow factor

The average offset over a selected range is calculated arithmetically and applied as a one-off
correction.
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Linear interpolation

Each calibration point is adjusted to give zero offset. From a look up table containing the flow
rate against offset. a value can be predicted over the whole flow range by using linear
interpolation.
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As an operator we have selected linear interpolation because:

• The method is already in use on turbine meters.
• The method is easily demonstrated to auditors.
• The resultant curve lies exactly along the datum line.

The reasons we don't like the second option of 3rd (or indeed Nth order) curve fit:

• A decision has to be made as to which order the curve is corrected.
• It's difficult for auditors to check the curve fit calculation easily.• The operator, government authorities and customers must agree the method of adjustment
used. Whilst details of any adjustment must be recorded, provision of these details may not
necessarily form part of the scope of work of the calibration facility.

2,3.3 Testing

The meter and pipework associated with the calibration activity must be inspected prior to
insertion into the test configuration.

Meter:

Pay particular attention to the internal surface condition and make a sketch for the record
(taking photographs of the internals is very difficult). The manufacturers often apply corrosion
inhibitor to the inner surfaces. This must be removed prior to testing, as any residue discovered
after the event will mean the calibration test is null and void. The surface conditions will change
in use dependent on operational parameters. Surface corrosion, erosion or component
deposits may be evident - other than for a new meter no attempt should be made to clean or
wipe the internal surface as this will have direct effect on the calibration result.

•
5

6000



•

Pipework: •It is important that no steps are evident, no protruding welds are present and the correct flange
types are being used (1505167 is a useful guide). This is to obtain the required flow profile at
the meter. Records should be kept of the test spools used for future reference.

If the meter is new, consideration should be given to testing additional aspects before the final
calibration run. This will mean slightly higher calibration costs but may save on operational cost
- possibly saving on a retest after equipment or component failure. As an example, we
consider sensor failure and replacement. First establish the basic meter curve, with two repeats
at each flow rate across the whole range. Then assess relative probe failures on each
individual path, and various combinations of failures (easily achievable by disconnecting the
relevant cable) recording resultant meter performance after each test. Finally remove a pair of
probes from the meter (observing all operational and safety implications), replacing them in the
opposing locations (swapping the relative positions). Recheck the meter at two points on the
curve to determine whether shifts have occurred, again keeping appropriate records of the test.

The test runs can now start in earnest following the agreed procedures. The application of an
automatic data acquisition system speeds up processing and enhances confidence in the
results.

When recalibrating the meter an 'as found' curve must be produced first. Then the factor •
adjustment can be applied. All data associated with the test should be captured in electronic
and paper format. The configuration list of parameters, the temperature and pressure must be
included with the calibration certification and report.

3 ROUTINE MAINTENANCE

3.1 Periodic checks

The following section details the maintenance carried out on the ultrasonic meters:

Daily checks

Visual checks performed on each of the stream flow computers.
• Ensure that no alarms are standing that would indicate poor meter performance.
• Ensure flow rate information is being received and is updating. Confirm updates are not

displaying large step changes, indicative of poor meter performance or bad process
conditions.

• If more than one stream online, ensure flow rates are comparable taking into account any
known flow bias.

• On off line streams ensure that flow has not been accumulated. If so, confirm that it has not
been recorded on the station daily report.

•
Weekly checks

Take a data log from each of the meters, review the logs as follows:
• Check the health state of each of the five flow paths. This is determined by the quantity of

good flow signals processed for each flow path.
• Compare flow velocities of online meters, taking into account any known flow bias.
• Monitor the automatic gain control (AGC) level for each of the transducer pairs. This

indicates how strong the signal level needs to be in order to transmit the ultrasonic signals
through the process medium.

• Carry out a physical inspection of the meters, including all cabling and probes for any signs
of damage.

6
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• An example of the meter data log is shown below:

Samples PerformancePer Path0/0 Sound CorrectedGrossVo
/sec Path1 Path2 Path3 Path4 Path5 Velocity Gas Vel Flowrate Stb
13 100 100 100 100 100 421.68 2.71 7.2E+02 3
14 85 100 100 100 100 421.69 2.691 7.2E+02 3
13 100 100 100 100 100 421.71 2.734 7.3E+02 3
14 100 100 100 100 100 421.71 2.711 7.2E+02 3
14 100 100 100 100 100 421.71 2.695 7.2E+02 3
13 100 100 100 100 100 421.7 2.741 7.3E+02 3
14 100 100 100 100 100 421.7 2.704 7.2E+02 3
13 100 100 100 100 100 421.69 2.721 7.3E+02 3
14 85 100 100 100 100 421.67 2.715 7.2E+02 3
13 92 100 100 100 100 .421.67 2.689 7.2E+02 3

•
AGC Leveloftransducerpairpath AlB Maximurr

1A 18 2A 28 3A 38 4A 48 5A 58 AGe level

5475 5600 8415 8415 5125 5400 8160 8160 5325 5325 65025
5350 5650 8925 8415 5300 5300 8160 8160 5275 5275 65025
5525 5525 8415 8415 5325 5325 8415 8415 5325 5325 65025
5600 5600 8160 8160 5175 5500 8160 8160 5325 5325 65025
5450 5575 8925 8160 5125 5250 8415 8415 5225 5225 65025
5500 5500 8415 8415 5025 5350 8160 8160 5300 5300 65025
5450 5775 8670 8670 5350 5350 8415 7905 5225 5225 65025
5350 5850 8160 8160 5100 5425 8670 7905 5225 5225 65025
5350 5475 8415 8415 5325 5325 8160 8415 5025 5150 65025
5425 5550 8670 8670 5100 5450 7905 7905 5350 5350 65025

Note: On the system that we were monitoring, after one year, detailed data logging was
terminated. It was felt that sufficient confidence had been gained in the meters self-
diagnostic mechanism.

Monthly checks

Validate the ultrasonic meter configuration, ensuring all constants are as per the calibration
certificate.

Annual checks

Remove the meter from service and return it for re-calibration and certification.



3.2 Calibration frequency •One of the main drivers behind the use of this technology is the potential to reduce the testing
regime required, saving possible production deferment and maintenance costs. To this end the
testing performed so far has been focused on performance between calibrations. It should also
be noted that if a system has two or more me1ers, only one of the meters should be used to
determine the performance between calibrations and then the resultant agreed frequency
applied across all the meters in the system.

Note: The calibration interval given above is actual service period, not time period.

Dependinq on the results of the tests, the frequency can be adjusted to suit the interested
parties. The table above is only a suggestion, but it is supported by our test results to date.
Agreement must always be reached between all parties prior to changing any frequencies.

4 OPERATIONAL EXPERIENCEOF ULTRASONICMETERS

4.1 Five-path meters

4.1.1 Performance over a three year period

The following graph shows the calibration performance of a 5-path meter, which has been in
fiscal measurement service at an onshore facility over a 3-year period.
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The first curve was produced at the factory acceptance tests. The internal meter surfaces were
clean and had a smooth, machined finish. After four months of service, the meter was returned
for calibration at the same test site. The internal surface condition had changed, some fine dust
/ metal oxide coated the whole surface area.

From the graph it can be seen that after initial adjustment subsequent recalibrations have
stayed within a tolerance of +/- 0.25%, between 1000 and 6000 m3/hr. Allowing for the fact that
the calibration house has a measurement uncertainty of 0.25%, the performance of the meter
over time has been excellent. It should be noted that after adjustment the curves shown were
moved to the datum line, reading with out bias and accurately.

It is very important not to interfere with the surface coating, because this layer on the internal
surface has built up in operational service and is the best representation of normal in line
conditions. A calibration in the 'as found' condition allows for the best operational adjustment.
Experience has shown, any cleaning of the surface. even a wipe with a rag, will affect the
calibration adjustment and may lead to bias offsets when returned to service conditions.

4.1.2 Changing electronics

Re-calibration 17/18th Feb 97
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During one of our tests. we took the opportunity to upgrade our equipment with new electronics.
Having completed an 'as found' run with the original equipment. the electronic boards were
replaced and four spot checks' were subsequently carried out. The points were superimposed
on the 'as found' curve. They fell perfectly in line with the curve.

This test shows that it is possible to change the electronic boards without unduly affecting the
calibration. Thus in the case of an electronic failure in the field, the need to replace the board
would not necessitate an immediate return of the unit for calibration.

4.1.3 Noise problem and probe replacement.

During periods of operational use deterioration in the meter performance was detected. This
was traced to an upstream regulation valve and a slightly heavier mix of gas. As the volume
flow increased the meter performance dropped off. This coincided with an increase in pressure
drop across the valve. Noise was being generated at the valve and was masking the signals
being produced at the meter.

9
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After discussions with the meter manufacturer, the remedial action was the replacement of the
meter probes. The new probes operate at a frequency outside of the noise produced by the
valve. •
The graphs below show two stages of testing, an 'as found' calibration with the old probes and
an 'as left' calibration with the new probes. The meter factor shift of 0.09% across the operating
range indicates that changes can be made between probes without large shifts taking place.
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4.1.4 Surface condition effects

.In the course of our recalibration of the 51 Fergus meters we were surprised to discover that a
very fine layer of dust (probably of the order of a few tens of microns) can affect the calibration.
When the first of the three meters was reca1ibrated there was a shift of +0.3% from the initial
manufacturer's calibration. We considered at that time that this was within the range of
variation that could be expected from a station with a stated uncertainty of 0.25%.
When the second meter was reca1ibrated a few months later it showed a shift of +0.45%, well
outwith what could be attributed to the calibration station. We removed the meter for
examination, decided to clean off the coating of dust, and retested the meter. The shift was
reduced to 0.28%. We also examined the traceability of the calibration station and concluded
that although it had a claimed uncertainty of 0.25% in absolute terms, for repeat calibrations the
repeatability of the station from year to year was probably nearer to 0.1%, making the residual
0.28% well outwith what could be attributed to the calibration station. Possible causes could be
movement of the transducers (unlikely as all five pairs would have to move in a similar way to
give path length changes of several millimetres), or variations in the master clock frequency
(again unlikely as this would have to be wrong by the equivalent of several minutes in a day).
The meter was then left with the manufacturer who carried out a series of tests and concluded
that the shift might be explained by the use of shorter upstream straight lengths (70) on the
initial calibration compared to the 100 used for the second.
We decided to use the third meter to establish whether this explanation was valid, and whether
the dust layer did have a significant effect. Accordingly the dirty meter was tested with 70 and
100 upstream straight lengths. Our customer was also concerned that dust on the transducer
faces might have an effect, so a third test was done with the transducer faces cleaned, but not
the inside of the meter body. For the fourth test the inside of the meter was cleaned and tested
with 100 upstream straight lengths. Finally the clean meter was tested with 7D upstream
straight lengths.

•
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• The results of the five tests are shown in the graph below. There may be a small effect from the
difference in upstream straight lengths (compare the top two and bottom two traces). The effect
of cleaning the transducer faces is within the scatter of the measurements (compare the second
and third traces from the top). There is however, a very marked effect from cleaning the meter
body of the order of 0.4% (compare the first and fourth traces for 70, and the second and fifth
traces for 100). Thus there was clear evidence that the dust layer was responsible for most of
the shift in calibration.
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This was a startling conclusion, as there is no obvious reason that it should only apply to
ultrasonic meters. We speculate that changes in the meter body surface lead to changes in the
thickness of the boundary layer on the pipe wall. This is the thin layer of gas that is stationary.
For a given volume flow rate this has the effect of varying the gas velocity. Nevertheless we are
also convinced that in practice we may not be too inconvenienced. Provided the surface of the
meter body does not change, the calibration will not change. Our recommendation, therefore, is
not to clean ultrasonic meters before recalibrating them. Furthennore all the changes in
calibration shown are contained in a band 0.5% wide, which can be compared of the basic
uncertainty of the discharge coefficient of an orifice plate of +/- 0.6%.• Points of note

• The meters output curve is affected by micro surface conditions.
• The meters inner surface of a meter should not be tampered with prior to, during or after

calibration.
• If the meter is being used on a slightly wet gas, the resultant output will be offset from the

dry gas calibration.
• Any advantage gained from the material used for manufacture of the meter body or the

application of an inner surface coating will be offset by operational environment in which the
meter operates.

• The internal surfaces of the upstream & down stream pipework was not touched ( so any
attributable effects from pipework could be discounted)

• When the meter was removed from the test line, it was found to be dry.
• If any moisture is present on the internal sulface, the resultant curve will be skewed. We

have seen this effect repeated at other calibrations. Results should not be accepted if
moisture or liquids are found on the internal surfaces of the meter or spools pre or post the
calibration run. This is due to the fact that it will not be representative of the process
conditions for which it is to be used.

•
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• As only the internals of the meter were affected, an understanding of the cause of this
phenomenon is still to be found. We speculate that boundary layer changes are altering
velocity profiles, variable with flow rates

4.2 Four path meters
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... Demonstration, Transducer D and B swapped

The shape of the curve can be variable on this type of meter, but the points have proven to be
repeatable. With the implementation of a curve fit it has proven to be suitable for this specific
type of application.

It should be noted that the operating philosophy of this meter is different to the three and five
path meters, having only direct paths and different calculation algorithms.

The calibration test undertaken included the exchange of probes from transducer D and B. As
can be seen from the results a large shift was experienced. This raises the question that
whether probes failing in service can be replaced without the need for recalibration. At present
the answer for meters in fiscal service is no.

Depending on the adjustment techniques used on the curve, care is required with the slope at
the higher flow rates. A large bias is introduced and would be unacceptable if this was within
the normal operating range of the instrument.

•

•

•
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ABSTRACT

The subject of this paper is a series of tests with an ultrasonic gasflow meter, control valves of
three different designs and silencers of three different designs, operating under various
conditions regarding pressure cut and flow rate.• The paper is split up into two sections, the first section, prepared by Verbundnetz Gas, deals
with the issues of specific interest of Verbundnetz Gas, that is the design of a suitable solution
and the verification of its functionality for the expansion of the measuring facilities at the
location Sayda.

The second section, prepared by Instromet Ultrasonics, presents, based on the data acquired
during the tests at Sayda, a more general approach for characterising the ultrasonic noise
aspects of control valves and piping elements. Based on this characterisation a model is
presented that can be used to predict whether an ultrasonic meter can function properly under
specific conditions.
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SECTION 1: ULTRASONIC NOSIE TESTS WITH VALVES, SILENCERS AND AN
ULTRASONIC METERS AT SAYDA •

1 WHO IS VERBUNDNETZ GAS (VNG) AG?

VNG AG is the second-largest gas importer in the Federal Republic of Germany. It operates
in the new federal states and in Berlin, and has, in this supply area, a comprehensive
network of around 8100 km of high-pressure gas pipelines with operating pressures ranges
up to 25, 45 and 84 bar.

VNG operates 7 underground gas storage's with a storage capacity of approx. 2,4.109 m3 as
well as 5 compressor stations with a total power of 60 MW.

This network is connected to the Western European and Eastern European gas transit
systems at three points and thus makes it possible to obtain gas both from Western
European sources and from Russia.
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Figure 1 - VNG

2 WHAT WAS THE PROBLEM?

VNG AG had to reconstruct one of its main feed stations in Sayda. The purpose of the new
plant was to measure and regulate the gas flows for all outgoing gas pipelines, and to ensure
a flexible combination and switching between different flows. •
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In order to meet these requirements, the measuring and control devices must be used bi-
directional. In order to avoid high cost of bypasses (this would have resulted in additional
costs of approx. DM 1.5 mill.), the concept provided for using bi-directional ultrasonic
measurement devices and operating some of the control valves in a reverse direction.

Figure 2 - Sayda

Our own experience, as well as discussions with partners from other gas supply companies,
as well as the company Instromet. had shown that ultrasonic measuring devices which are
located in close vicinity of control valves may suffer from interference from the ultrasonic noise
generated in the control valves. This can lead to complete failure of the measurement.

The ultrasonic meters used by VNG AG so far were either located at sufficient distance from
the control valves, or acoustically de-coupled by installing heat exchangers between the
control valve and the ultrasonic meter. Noise produced at pressure differentials of 30 bar
across the control valve and flow rates of 30 mls did not interfere with the measurement.

3 WHAT HAS BEEN DONE?

In order to make sure that the planned plant design would function well we decided to:

... Test several control valves with regard to their noise emission in the ultrasonic
range at different flow rates (also reverse)

... Develop and test Silencing devices which can be installed between the control valve
and the ultrasonic meter and provide high attenuation in the relevant ultrasonic range
(100-200 kHz)

... Determine limits for the noise level up to which ultrasonic meters are able to work
reliably.

For this purpose, a test run was built at Sayda in ON 300, PN 84, the basic design of which is
presented in Figure 3. In the direction of the flow. the control unit (1). the silencer (2) and the
ultrasonic meter (3) with inlet and outlet piping were flanged to each other via spool pieces.

The spool pieces between the units were equipped with appropriate connections for
measuring microphones so that it was possible to measure the sound pressure before and
after the control valve and directly at the meter .•



The sound level was simultaneously measured in the frequency range from 1 kHz to 1000 kHz
at 4 measuring connections using a storace oscilloscope. •Test facility

flow

a· Uicrophono connection

I- Measuring microphone

•
Figure 3 - Sayda test facility

-In addition, suitable sottwarewas used to record the difference between the actual gain as
set, and the maximum allowable gain as calculated, for the automatic gain control function,
that controls the signal levels of the individual paths. Indirectly, these measured parameters
supplied information about the signal-to-noise ratio.

The measuring arrangement was changed several times during the tests. The following
devices were used:

Ultrasonic meter 5-path US meter1)

2) Control unit A
Control unit B

Control valve with multiple cage
Ball valve type control valve

4



• 3) Silencer S1
SilencerS2
SilencerS3

10 D spoolpiece with 2 internal pipe bundles
3 D adapter with perforated plates parallel to the flow direction
13 D adapter consisting of pipe fittings

I
Figure 4 - Silencer S1•

Figure 5 - Silencer S2

Figure 6 - Silencer S3

4 WHAT ARE THE RESULTS?

•
The results described below are examples from a series of measurements where sound
spectra were recorded at various measuring points in the test section. At the same time the
function of the US meter was monitored. The configuration of the test section was changed
several times, and flow and pressure conditions were varied as much as possible.

5



4.1 Normal Operation of Control Devices •Figures 7 and 8 show the sound spectra of 2 control devices at different pressure differentials
~P. The flow rate for all tests was in the range of 7 to 9 m/s. It becomes obvious that the
control device S, due to its design and the associated higher K, value, generates a smaller
pressure loss in the fully opened state. Thus noise generation in the US range is lower than
with control device A For a partially opened valve where AP is of equal magnitude for both
units, the noise generation in this example is comparable, independent of valve design .
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Figure 7 - Sound spectra for control device A
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Figure 8 - Sound spectra for control device S

4.2 Reverse Operation of Control Devices

Figure 9 shows the sound spectra obtained when the units are installed in the gas flow
direction (normal) as envisaged by the manufacturer compared with the results obtained for
reverse installation. In both modes of operation, the ultrasonic sound emission levels differ
only slightly between the units. For both units, they are lower by the factor 2 - 3 in the case of
reverse installation. This means that the envisaged bi-ciirectional use of the control devices
will not bring any additional risks for meter interference.

•
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• SECTION 2: VALVE CHARACTERISATION AND NOISE MODEL

1 INTRODUCTION

As outlined in the previous section Verbundnetz Gas performed an extensive series of test in
order to assess the performance of the Q-Sonic Ultrasonic flow meter when subject to
ultrasonic noise as generated by control valves. The tests included a variety of

operating conditions (pressure cut and f1owrate)
equipment arrangements and flow directions
pressure or flow control valves

The operation of the Q-Sonic was judged by comparing the measured flow rate to another flow
meter (turbine meter) and by observing the perfonmance indicators presented by the meter's
internal diagnostics.

Instromet supported the test program by providing flow meters, instrumentation for measuring
acoustic noise levels and assistance in the processing and analysing of the acquired data.
The data from this test program was of great value in the framework of Instromet's research
on ultrasonic noise affecting ultrasonic flow meters.

2 HISTORY

Since the successful introduction of lnstromet's ultrasonic flow meters for measuring gas flow
(late eighties: single path meters; early nineties: multipath meters) such flow meters are
operating satisfactorily in an increasing number of applications.

However, with the increase in numbers, some applications were encountered where ultrasonic
noise created by pressure or flow regulators caused problems. When Instromet started to
investigate this problem area it became apparent that hardly any information on noise was
available, especially in the ultrasonic range and in high-pressure pipelines. Although models
were available describing the ultrasonic noise generation for the audible range, extensions of
these models to the ultrasonic range were hardly supported by any experimental data.

For this reason Instromet started a research program to measure and investigate the
ultrasonic noise generated and perceived in high-pressure gas pipelines, where pressure
regulators appear to be the most prominent sources for such noise.• 3 OBJECTIVE

The objective of measuring and analysing the ultrasonic noise was:

to obtain basic data and infonmation needed for designing ultrasonic flow meters with
improved noise immunity, and
to obtain data for building a model that can be used to predict, in the first place, the
noise levels generated and, secondly, the perfonmance of an ultrasonic flow meter
subject to the ultrasonic noise levels thus predicted.

Needless to say that Instromet's first objective is to improve the noise immunity of its
ultrasonic flow meter family. Data characterising the ultrasonic noise is essential information
for that purpose. We expect that the application of advanced signal processing techniques
will introduce improvements, but will still not resolve every problem. For a limited number of
applications it may remain inevitable to use additional noise abating equipment such as a
silencer. This requires tools to asses a particular application in terms of expected ultrasonic

•



noise levels and to calculate - if necessary - the amount of attenuation of the ultrasonic noise
required and that has to be implemented by means of a silencer or other measures. In
addition to this the effectiveness of silencing devices has to be addressed. •
4 THE MODEL

4.1 Theory on NoiseGeneration

Pressure regulators are seen as the main source of ultrasonic noise. Therefore pressure
regulators should be characterised in terms of noise generation, dependent of operational
conditions such as pressure drop and flow rate.

For this characterisation a good starting point is the model described by Reethof and Ward.
The acoustic power produced by a control valve can, according to Reethof and Ward, be
described as:

(1) •Where Wa is acoustic power, wm is massflow, Cl is velocity of sound upstream, y=Cp1Cv, P1 is
pressure upstream and Pvc is the pressure in the vena contracta. Pvcis related to the valve
characteristics and can be described by the pressure recovery coefficient FL:

(2)

Remarks:

Figure 1 - Pressure change

When P1 = P2 (high recovery) than FL= 0,
When P2 = Pvc(no recovery) than FL= 1, and
FLcan be related to the opening of one type of valve (ety).

Example: FL= 1 - 0.45ety.

The acoustic power can be calculated acording to expression 1 To determine the functionality
of an ultrasonic analyzer we do not use acoustic power but acoustic pressure. According to
Morse and Ingard the acoustic pressure is:

P =2·Q
(3)

Here Pa is the acoustic pressure, p is the gas density, c is the velocity of sound and A is the
surface of the cross area of the pipe.

4.2 A PracticalIndicator

Expressions (1), (2) and (3) indicate that important parameters for estimating the ultrasonic
noise levels are the massflow and pressure ratios. However these expressions are not very
practical for direct use and the validity in the ultrasonic range needs further investigation as
well. Additionally we are in fact not interested in the noise level but looking for a method of
calculation for an indicative value, predicting whether the meter can perform satisfactory under
given conditions or not.

•
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M' ~""D'F( ..) =F(P, M', <ll,T, D) =-P T
(5)

• Therefore not only the noise level (acoustic pressure) generated by the valve should be taken
into account but ultrasonic flow meter characteristics and properties of piping, such as elbows
and tee's, and silencers (if applicable) should be represented as well. The indicative value
looked for can be seen as reflecting the signal to noise ratio as perceived by the ultrasonic
flowmeter. By convention we will use a value proportional to the inverse (noise to signal ratio).
Hence, a large number will represent severe conditions whereas a smaller number will
represent more relaxed conditions.

4.3 Piping Elements

Based on linear systems theory we assume that effects from piping elements can be
represented by a number indicating the attenuation of ultrasonic sound in the relevant
frequency band. The effect of several piping elements is represented by a number Nd, which
is the multiplication of the contributions of all separate elements.

4.4 ValveRepresentation

•
Instead of using complex expressions modelling specific valve design details, a more simple
and general model based on the energy dissipation in the valve was adopted. A specific valve
is characterised with a number Ny,which is proportional to the noise emission of that design in
comparison to other valves, when operated at identical conditions. We defined Ny to be 1 for
an "average" type of valve. Valves generating higher or lower noise levels, compared to the
"average valve", will have a value Nyhigher respectively lower than 1 (range of Ny between 0.2
and 4). As it is found that valves do exhibit different noise emission levels in upstream and
downstream direction, two different numbers, one for the upstream emission and one for the
downstream emission may be needed.

4.5 PracticalModel

Based on the assumptions made above, a simple and practical model predicting the
performance of an ultrasonic meter subject to noise can be written as:

t5=k.F( ..).N" .n, (4)

In this expression F(..) reflects the noise to signal ratio due to the valve and the ultrasonic
meter characteristics under the given operating conditions and k is a constant in order to
make the result dimensionless.

• In order to represent the noise level generated by the valve and with reference to expressions
(1), (2) and (3). Variables that may appear in the expression for F(..) are P1, P2 or aP, Cl>, P. c
and D.

Parameters relevant for the ultrasonic meter's signal strength are P or p or c and D.

A reasonable and acceptable fit with empirical data was found when the expression for F{..)
reads as:

Here P [bar] is the pressure at the ultrasonic flowmeter, aP [bar] is the pressure difference
across the control valve, <l> [Nm3/h] is the normalised flow, D [m] is the diameter of the pipeline
and T [s] is the integration time.

•
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Figure 3 - Spectra of the acoustic noise of valve C, P: 51.4>39 bar, F=180.000 Nm3/h

•
10 100 1000

• Previously it was supposed that designs for so called -'ow noise" valves elow noise" in this
case stands for low energy levels in the audible frequency range) shifted the noise emission
to the higher frequency range. Comparing the frequency spectra and noise levels of different
valves shows that this is not necessarily true.

Whereas bends and tee's show significant attenuation of ultrasonic noise, straight pipe has
little to almost no effed. In case the noise level exeeds acceptable limits, additional bends
or tee's can be installed to act as silencer or silencers specifically designed for this purpose
can be used. Such a silencer has to be engineered for a specific kind of application (e.g.
dependent of frequency). At Sayda three types of silencers (51. 52 and 53) were tested by
measuring the attenuation of the ultrasonic noise.

The results of the acoustic measurements are shown in Figure 4a~. This Figure shows the
relation between the acoustic noise level entering the silencer (Pin) and the acoustic noise
level leaving the silencer (Pout>. The ratio represents the degree of attenuation.

•

• Figure 4a~- Attenuation of ultrasonic noise in the frequency band of a standard transducer
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A usual way to present the ratios is in dB. Because we use here the acoustic pressure
(instead of acoustic power) the ratio in dB is: •

Ratio [dB ] = 20 . LOg[ P oul ]

Pm
(6)

Table 1 - Attenuation of Piping Elements

Factor i DB factor i dB
Type 1 ! Tvoe 1 ;,

8, 0.079 ~ 22 Bend 90" 0.32-0.56 5-10
82 0.11 19 Bend 45" 0.79 ; 2
83 0.029 ; 31 Bend out of plane 0.10-0.20 ; 14-20,

100 m oipeline 0.56 5

A typical phenomenon occurring with one type of silencer is that the attenuation is dependant
of the gas velocity. It appears that at high gas velocities the silencer 82 starts to generate
noise. The explanation for this is the exitation of resonance frequencies of the cavities inside •
the silencer at high gas velocities. This phenomenon is only relevant when the meter is
installed downstream of this type of silencer. For bidirectional applications the remedy is to
keep the gas velocity inside the silencer below a certain value.

7 FUNCTIONALITY OF THE ULTRASONIC FLOWMETER

The equations and data presented so far show that an indicative value proportional to noise
present at the ultrasonic flowmeters position can be calculated. The next step is to
demonstrate the correlation between the performance of the ultrasonic flowmeter and the
calculated value of the indicator (0).

The performance of the meter can be assessed using the indicators calculated and showed by
means of the diagnostic functions implemented in the software belonging to the meter. The
meter can be classified as operational or not operational based on it's "valid data signal".
When the meter is operational. the percentage of accepted signal pulses shows how well the
meter operates. In ideal conditions this percentage should be close to 100%. say between 70
and 100 %. This percentage drops rapidly when the ultrasonic noise level pevents the meter
to operate normally.

Another feature of the diagnostics of the ultrasonic gasflowmeter is that it calculates an AGe- •
limit value. This is based on the ultrasonic background noise level which is measured
between succesive signal pulse transmissions. This values indicates the maximum gain that
will keep the noise level below an acceptable value. The actual gain (AGC-Ievel) needed to
amplify the signal to the required normalized value should stay well below the value of the
AGe-limit. A satisfactory margin can be expressed in terms of the ratio of AGC-limit/AGe-
level. this indicates how much margin is left before there is a risk of the meter having
problems due to noise.

16
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Figure 5 - Good functionality of the ultrasonic flowmeter

Figure 5 shows a typical graph of the AGC_ratio (Autmatic Gain controt rauo) versus the 5-
factor. As long as the AGe ratio is larger than 5 the instrument is functioning properly (level
has not reached the limit). Figure 5 shows that a rapid decrease of the AGC ratio occurs
starting from a &-value of about 1.

8 CONCLUSION

The objective was to establish a model capable of predicting the performance of an
ultrasonic flowmeter in a specific application.

This report shows that based on installation (piping) drawings, the control valve
characteristics and relevant process parameters, it is possible to calculate a s-ractor value
that predicts whether the ultrasonic flowmeter can function properly in a specific application.
If not, it can be calculated to which extent additional measures are required to assure proper
operation of an ultrasonic meter in the installation under study.

9 FINAL REMARK

For the calculation of the indicator (B) a first approach can be made by using a valve
characteristic value Nv of 1 as default value. For a more accurate assessment it is
recommended to use the valve characteristic value. In case this value is not available
Instromet has the equipment and capability to perform measurements on a site where a
representative model of the particular valve is in operation as long as provisions can be
made to install ultrasonic measuring microphones. In this way most applications can be
analyzed for acoustic noise behavior and an advice can be given for the applicability of our
ultrasonic gasflowmeters analyzers.
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1. INTRODUCTION

The concept of the ultrasonic cross-correlation flow meter was first proposed in the early
seventies. This technique demonstrated clear advantages over the more conventional transit-
time method. However, cross-correlation meter was not commercialized due to the complicated
data processing algorithm required and lack of understanding of underlying physical
phenomena.

At the present time, enormous computing power of the PC and availability of commercial data
acquisition and analysis software have eliminated the problem of data processing. On the other
hand, better understanding of the physics involved in the interaction between ultrasonic waves
and turbulence structures existing in a flowing fluid has resulted in development of a very
accurate, reliable and affordable instrument.

The ultrasonic cross-correlation flow meter, known as CROSSFLOWn~, has been used
successfully in nuclear industry for non-invasive flow measurements at high ternperaturesand
high radiation fields. The meter has been installed for continuous on-line measurements, as well
as used for periodic flow verification. The main advantage3 of the CROSS FLOW, from the point
of view of flow measurements in harsh environment, is simplicity of transducer design, which
allows installation in only a few minutes even under very poor access conditions. Data from on-
line installations have confirmed very high meter reliability and insensitivity of the measurements
to changes in external conditions. Experience gained from using the CROSSFLOW in nuclear
industry points to ability of the meter to perform accurate and reliable flow measurements in
other applications, including oil industry.

In this paper, fundamentals of the cross-correlation technique are discussed. Results of
CROSSFLOW calibration, performance evaluation and examples of meter application are
presented.

2. ADVANTAGES OF ULTRASONIC CROSS-CORRELATION TECHNIQUE

The design of the ultrasonic cross-correlation flow meter is based on the fact that when ultrasonic
beam travels across a pipe in certain pipe cross-section ~An it is affected by random turbulent
fluctuation of the flow parameters. After the received signal is processed a random signal Xa(t) -
a signature of turbulence fluctuation in the flow in cross-section "A", can be obtained. If one
transmits a second ultrasonic beam a certain distance L downstream of the first beam (in pipe
cross-section U8"), it produces another random signal Xb(t). If distance L is small enough then
approximately X a (r ) = X b (t + r*) and value Vm = L / r * is interpreted as a measure of the
flow velocity in the pipe [1]. (See Figure 1.)

This method has the following advantages over a more conventional transit time approach:



• Flow velocity is measured directly by measuring time of travel between two eross-sectlons. •
Typical magnitude of t* is of the order of 100 ms, in contrast to transit time meters, where
typical difference in transit time is of the order of 1 J.I.S.

• The result of measurement does not depend on speed of sound in the pipe material and in
the fluid. which means the meter can work in a wide temperature range and for different
materials;

• Direction of the ultrasonic beam is perpendicular to the pipe wall so the instrument is not very
sensitive to installation and temperature changes during operation.

• The meter can operate for multiphase and mixed flows.
• Measured flow velocity is determined only by the axial velocity in the pipe and is not sensitive

to the radial velocity component.

In spite of these advantages the cross-correlation meters were used only for specific applications such
as water - sand or water -coal mixture, where application of other instruments was not feasible. Two
major reasons prevented further development of the cross-correlation meters for pure liquids:
a) Calculation of the cross-correlation function was associated with bulky and expensive analog
equipment. At the present time this problem is resolved by use of computers.
b) Physical interpretation of measured velocity in terms of the average flow velocity is not as
transparent as for transit time meters, and the cross-correlation technique is considered as a purely
empirical. •3. DEVELOPMENT OF THE NEW NON·INVASIVE ULTRASONIC CROSS-CORRELATION
FLOW METER

One of the examples of successful application of this technique is associated with non-invasive
ultrasonic cross-correlation flow meter for pure liquids, developed in earlier seventies by Canadian
General Electric for Ontario Hydro [2]. The meter was calibrated at Ontario Hydro Research at the high
temperature, high Reynolds number calibration facility. Calibration results and the use of the meter in
Ontario Hydro nuclear power plants confirmed its high accuracy and its temperature stability [3].
However lack of quantitative understanding of the physics of meter operation, prevented optimization
of the system and its application to a wide range of flow velocities and pipe diameters.

In 1995 Advanced Measurements and Analysis Group Inc. carried out rigorous analysis of the physics
of ultrasonic cross-correlation flow measurements under Canadian Government grant-IRAP. Based on
this analysis the following was achieved:

• Optimum magnitudes of the system parameters and data processing algorithm were related
to the flow parameters such as pipe diameter, flow velocity and Reynolds number.

• Methodology of the flow meter calibration and of extrapolation of calibration results to the •
range of parameters outside of the calibration conditions was developed and tested.

• Numerical method based on k-e turbulence model was developed to calculate the ratio of the
measured velocity to the average flow velocity for different pipe geometries, including bends
and bend combinations. This method was used to extrapolate calibration results to high
Reynolds Numbers for specific configurations of the pipe-lines. [4]

• Design of the acoustical system was optimized. Methodology was developed for adjusting
acoustical parameters of the meter to acoustical parameters of the pipe and the fluid.

This work has resulted in a design of a significantly improved cross-correlation flow meter known as
CROSSFLOW ™ . This meter has been installed for on-line high temperature flow measurements at a
number of nuclear power plants in Canada and USA. The meter has also been used for short term flow
measurements in number of tacitities, including nuclear power plants in Canada, USA, Argentina,
Romania, Brazil, France, Spain; water supply system; acid flow in chemical plant, etc.

The CROSSFLOW system includes a transducer frame, mounted on a pipe; ultrasonic probes
(transmitters and receivers) mounted on the frame; multiplexer, capable to monitor up to eight pipes;
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• Signal Generating and Processing Unit; Personal Computer and Software (see Figure 1). The software
controls the system, pertorms data acquisition, processing and analysis; records and stores data and
can be easily adjusted to meet customer's needs.

Ultrasonic Beams

Transmitter A

FLOW

•
Receiver A

Transmitter B

Receiver B

Multiplexer to

Signal Generating and Processing
Unit

Figure 1. Ultrasonic Cross-Correlation non-invasive flow meter CROSSFLOW .

To enable the development of the improved meter, part of the project was dedicated to the theoretical
analysis of the interaction between ultrasonic wave and turbulence in a pipe. This study resulted in a
more accurate interpretation of the measured velocity in terms of the average velocity in a pipe.
Quantitatively it gives the ratio of the average flow velocity Va to the measured velocity Vm as a
function of Reynolds number. This relation was confirmed by calibration of the meter for Reynolds
numbers up to 10 million. Good agreement with experiment allowed to use this relation for high
temperature measurements with Reynolds Number 20 - 30 millions, which is much higher then
calibration facility can provide.
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4. THEORY OF CROSS~CORRELATION ULTRASONIC FLOW METER. ULTRASONIC WAVE -
TURBULENCE INTERACTION.

4.1 Measured velocity ~Vm

Fundamental problem of the theory of ultrasonic cross-correlation flow measurement is relation of
measured velocity Vm to the averaged flow velocity Va.

Measured flow velocity

Vm = LIT* (1 )

is determined by the constant distance between ukltrasonic beams - L and by time delay between two
signals Xa(t) and Xb(t). The time delay 1:* is calculated as a position of maximum of the cross-
correlation function Rib

Signals Xa(t) and Xb(t) are the result of the effect of turbulence on the ultrasonic beam in the
pipe. Usually it is assumed that Vm is an average of the velocity distribution in a pipe along the
ultrasonic beam, directed along pipe diameter. This assumption probably is correct if signals Xa(t)
and Xb(t) are produced by a turbulent feature, uniformly distributed along pipe diameter, such as
concentration of passive second phase.
In more general case the measured velocity Vm is related to velocity distribution in the pipe as
follows:

D

Vm = JU;((r)· F(r)dr (3)
o

where 0 is pipe diameter, U;( (r) - time averaged axial flow velocity and weight function F(r)
depends on the nature of the signals Xa(t) and Xb(t). Relation between measured velocity Vm
and velocity distribution in the pipe depends on the following major factors:
a) the nature of perturbation of the ultrasonic wave - perturbation due to fluctuation of
temperature or velocity or concentration of a second phase in the flow, etc.
b) on the type of processing of the received signal- amplitude or phase demodulation of the
ultrasonic wave or filtering, saturation, amplification of the demodulated signal etc.
Therefore interpretation of measured velocity Vm requires more deep quantitative analysis of the
process of ultrasonic wave perturbation by the flow.

4.2 Effect of turbulence In a pipe on ultrasonic wave In a pure liquid

Normally the amplitude of velocity and pressure fluctuations in ultrasonic wave is very small, and
flow velocity field (including turbulent velocity fluctuation) is not effected by ultrasound.
Total velocity field in the flow under ultrasonic irradiation U*(r,t) can be described as a
superposition of undisturbed turbulent velocity field Uo (r.t) and disturbed ultrasonic wave U:
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U* = Uo+ U (4)
Ultrasonic wave in a turbulent flow can be described approximately by linear wave equation with

coefficients, which are functions of time and coordinates and are determined by known turbulent
velocity distribution Uo and its derivatives. 1 Maximum frequency of turbulent flow pulsation in a
pipe is estimated as Va I Ai where Ai is Kolmogorov scale [5] . This frequency for typical pipe
flow is order of 1 KHz and is much smaller then typical frequency of the ultrasonic wave. Then
ultrasonic wave can be presented in the form of high frequency periodic function with low
frequency disturbed amplitude A and phase qJ:

V(r,t) = A(r.t)cos(co·t+k·r+q» (6)

Analysis of the wave equation shows that in equation (6) the amplitude A is determined by solution of
differential equation. Coefficient in this equation are determined by turbulent velocity field Uo.. In
contrast, phase qJ has a simple physical interpretation. If an ultrasonic wave is induced by the

ultrasonic source at r = 0 then at r = 0

D

q>(t) = q>o+ (co/C2)JUor(r,t)dr (7)
o

where Uar is radial component of the velocity Uo (projection of the velocity vector Uo on the
direction of the ultrasonic beam), C is speed of sound in the liquid, ({Jo· constant.

Thus, if signals Xa (t) and Xb(t) represent phase change of the ultrasonic wave then they are
determined by expression (7) and they can be expressed in terms of turbulent parameters of the flow ..

4.3 Estimation of the measured velocity for a straight pipe.

The integral in equation (7) is approximately proportional to the product of intensity of turbulent
velocity pulsation u, and scale of turbulence A, and therefore is proportional to the turbulent viscosity

u r [5J.

DJ U Or (r .t)dr ""'U/.A/ ""' J.L, (8)
o

Parameter u, is widely used in many turbulence models and can be calculated for different pipe

configurations. Typical shape of J.i, is shown in Figure 2. This shape. according Nikuradze [6] is

independent on Reynolds Number.

I Derivation of the wave equation and more detale analysis of the problem will be published separately.
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Figure 2. Qualitative Distribution of Effective Turbulent Viscosity in a pipe.

Using Nikuradze data on velocity and
turbulent viscosity distribution in a pipe [6] and equation (8). one can obtain dependence of the
measured velocity Vm on the average flow velocity Va in the form: •
Va = Vm C(Re)

where Re is Reynolds Number. Function C(Re} is known as the Velocity Factor and is shown in
Figure 3.

Equations (7) and (8) also used to optimize characteristics of the flow meter and signal processin
algorithm. For example distance between probes. frequency range for signals Xa(t) and Xb(t). time of
correlation and others depending on pipe's diameter, flow velocity and Reynolds Number.

5. CALIBRATION OF ULTRASONIC CROSS-CORRELATION FLOW METER FOR STRAIGHT PIPS

5.1 Calibration methodology

The curve presented in Figure 3 was obtained assuming a perfect correlation between signals Xa and Xb . •
This assumption means that
a) distance between probes A and B is smaller then -distance of life" of turbulence structures in the flow
and
b) signals Xa and Xb include sufficiently wide range of turbulent spectrum in the pipe.

To satisfy these conditions the characteristics of the flow meter, have to be adjusted to the pipe diameter,
flow velocity and Reynolds number. Then calibration curve will be function of only Reynolds Number
irrespective of pipe's diameter and flow velocity.



Figure 3. Velocity Factor C (Re). Theory and Calibration. Point • - comparison with calibrated
venturi nozzle in nuclear power plant.

5.2 Calibration results

In Figure 3 the curve for the calibration coefficient C is presented together with experimental data.
Experiments were carried out in Alden Research Laboratory (USA) and in Ontario Hydro
Research Laboratory (Canada) with high temperature flow. Measurements were performed on
plastic pipes and carbon steel pipes with diameters from 2 inches ( 5 em) to 16 inches ( 40 em) in
the range of Reynolds numbers from 700,000 to 10,000,000. Data for high temperature flow
(Reynolds number from 7,000,000 to 10,000,000) were obtained in Ontario Hydro Research
Laboratory. Special facility in this laboratory alJowdto get flow temperature up to 200 C. Flow was
measured by the venturi nozzie with accuracy 0.5% [ 3 ]. In Alden Research Laboratory flow was
mea by weigh tank with accuracy 0.25%. Maximum Reynolds Number was around 5 millions.
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Figure 4. CROSSFLOW Calibration for 300000 <Re< 1 000 000

Calibration tor Reynolds numbers 300 000 < Re < 1000000 was carried out in Ontario Hydro
Flow Test Laboratory on 12 inch pipe. Results are presented in Figure 4. In this figure all
experimental points are within ± 0.5% interval from the theoretical curve. The flow in Ontario
Hydro Flow Test Laboratory is produced by head tank and is measured by weigh tank. Accuracy
of flow measurements using weigh tank is 0.5%. Maximum Reynolds number is 1 million.

•
The results of calibration shown in Figures 3 and 4 demonstrate that the difference between the

theoretical curve and experimental data is within the accuracy of the experiment. Statistical
analysis of the data shows that in the range of Reynolds Number from 0.3mi1lion to 10 million the
curve gives calibration coefficient C with uncertainty better then 0.05%.

•
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Figure S. CROSSFLOW Reproducibility (see text for details)

S.3 CROSSFLOW Reproducibility

•
Results of the meter's reproducibility are shown in Figure 5. The tests were carried out in National
Institute of Standards and Technology in Washington on 10 inch stainless steel pipe. The flow
was provided by the pump. CROSSFLOW measurements were compared with weigh tank
measurements. The error in the graph is calculated as a difference between weigh tank data and
flow measurement using instrument under test. Test number 1 is a normal flow measurement.
Test number 2 is a measurement after the pump was re-started. For test number 3 the ultrasonic
probes were re-mounted on the trame. For test number 4 the frame with ultrasonic probes was re-
mounted on the pipe. The three meters under test are: electro- magnetic meter, previously
calibrated on the same position on the pipe - 0; Ultrasonic transit time flow meter with four
ultrasonic paths, installed invasively - ~; CROSSFLOW - . The results demonstrate
reproducibility around 0.2%.

6. CROSS FLOW APPLICATION IN HARSH ENVIRONMENT

One of the applications of the non invasive cross-correlation flow meter CROSS FLOW for high
temperature flows is Feedwater flow measurement in nuclear power plants. Typical parameters 01
this flow are: pipe diameters 12- 30 inches, water temperature approximately 230 Co, pipe
material- carbon steel, pipe wall thickness 1 - 2 inches, Reynolds number up to 30,000,000,

•
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Figure 6. Typical Flow Measurement. Pipe temperature 230C. Flow change from 100% to 90% to
99% of normal value.

which is normally not achievable in a laboratory environment. Depending on particular case the
meter installation is carried out under high temperature up to 45-50Co ; high radiation field and
difficult access to the pipes. The pipe temperature itself during installation and operation is around
200C. Surrounding temperature during operation is 45-50Co

Other important application of the CROSSFLOW is reactor coolant flow measurement with flow
temperature approximately 300 CO and pipe diameters 2 - 20 inches. Specifics of this
measurement are: •
a) High environmental temperature· 300 Co. which practically exclude possibility of cooling of the
ultrasonic probes and use of rubber coupling.
b) High radiation fields, which reduces limit for time of installation to a 10 - 15 minutes.
c) Excess to the transducer is impossible during plant operation, which requires high reliability of
the system without maintenance service during 1- 2 years.

Typical result of the flow measurement is shown in Figure 6. In this application the plant power is
proportional to the flow. During time interval shown on the graph the plant power changes from
100% to 90% and to 99% of the normal value. From the graph it is clear that the meter's
resolution is high enough to resolve significantly smaller flow change then 1%.

7. CONCLUSION

Present stage of the ultrasonic cross-correlation technology allows to provide flow measurements
with accuracy around 0.2%. The measurements can be performed in a wide range of pipe
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The Essence of A.G.A. Report No.9, Measurement of Gas
• by Multipath Ultrasonic Meters

•

•

•

KEVIN L. WARNER, Ultrasonic Product Manager, Daniel Industries.

ABSTRACT
The American Gas Association has recently published (June, 1998)
a new recommended practice; Report No.9, Measurement of Gas
by Multipath Ultrasonic Meters. This paper reviews some of the
contents of A.G.A.-9 including recommended meter performance
requirements, design features, testing procedures, and installation
criteria. This paper is a companion to John Stuart's paper which
was presented at the 1997 A.G.A. Operations Conference in
Nashville, Tennessee entitled, New AGA Report No.9,
Measurement of Gas by Multipath Ultrasonic Gas Meters. It is
also included here for easy reference. The topic selected in this
paper were chosen based on the author's opinion of the audience's
interests.

A.G.A-9 was drafted by the A.G.A. Transmission Measurement
Committee which incorporated many of the recommendations in
the GERG Technical Monograph 8 (1995) and certain related
OIML recommendations. After over a year of technical
discussions, balloting, and revisions, the document represents the
consensus of several dozen metering experts in the US and Canada.
It is hoped that A.G.A.-9 will soon be considered by Isorrc 30 as
the basis for a new ISO standard.

SELECTIVE REVIEW OF A.G.A. REPORT

Scope of Report

A.G.A.-9 was developed for multipath ultrasonic transit-time flow
meters, typically 6" or larger and used for the measurement of
natural gas. A multipath meter is defined as one with at least two
independent measurement paths.

Meter Requirements: Codes and Regulations

A.G.A.-9 makes many statements which are essentially design
instructions for manufacturers of meters. One reason this approach
was taken was to insure the end user that an ultrasonic product
would be safe and consistently manufactured. Unless otherwise
stated, the meters are to be suitable for use in an area which is
subject to the requirements of the U.S. Department of
Transportation's regulations in 49 C.F.R. Part, 192, Transportation
of Natural and Other Gas by Pipeline: Minimum Federal Safety
Standards.

Meter Requirements: Meter Body

Manufacturers are urged to publish the overall lengths of their
ultrasonic meter bodies. This is to help skid and other designers
who may not be familiar with ultrasonic metering to define
metering section dimensions.

The inside diameter of the ultrasonic meter should be within I% of
the upstream tube's diameter. The value of 1% was based mainly
on early European studies and also work performed at Southwest
Research Institute in San Antonio, Texas. Other meter

requirements in this include anti-roll devices (feet), pressure tap
location on the meter, and standard meter markings. These
requirements were based on field experience and the lessons
learned from other metering technologies.

Meter Requirements: Ultrasonle Transducers

Ultrasonic transducers are not common pipeline devices and many
operators are unfamiliar with their properties. A.G.A.-9 includes
clear directions to the manufacturer for the specification, marking,
and testing of transducer pairs. These instructions are valuable
because they will alert users as to the pertinent information which
may affect the performance of the meter. A.G.A.-9 also requires
that transducers be manufactured so that they may be exchanged
and requires instructions for the exchange process.

Meter Requirements: Electronics

Much discussion was given to the issue of electronics and its
evolution with time. The goal of the committee was to require
electronics which were well tested and documented, but to allow
improvements without placing a larger than necessary burden on
the manufacturer. This idea is evident throughout the document
but is especially relevant in the electronics and firmware sections.

The electronics output section includes two suggested types, serial
and frequency, along with a list of others. Serial communication is
suggested because the ultrasonic meter is clearly a very "smart"
instrument and much of its usefulness relies on the internal
information contained in the meter. The frequency output is a
convenient option, especially in locations which are configured for
turbine meter inputs. A.G.A.-9 also mentions analog outputs,
direction indicator, a low-flow cutoff, and volume accumulators.

Meter Requirements: Computer Programs

Since ultrasonic meters are electronic, the computer programs and
information contained in the electronics of the meter are extremely
important. A.G.A.-9 requires that it be possible to interrogate the
meter and determine its calibration parameters. It also requires that
the meter be securable, so that accidental or undetectable changes
can be prevented.

Alarms and diagnostic functions are clearly addressed under the
computer programs heading. These sections were difficult to
compose because of the subtle differences associated with every
different path configuration imaginable. The data which is
required is of three main types, gas velocity, speed-of-sound, and
electronic failure. The velocity data is to indicate flow profile
irregularities or velocity range exceptions. The speed-of-sound
data is to be used as a diagnostic tool to check for erroneous transit
time measurement errors. Other data is required to judge the
quality of the data such as "'Yo of accepted pulses."



Performance Requirements

The heart of A.G.A.-9 is contained in the Performance
Requirements section. A.G.A.-9 separates ultrasonic meters into
two categories, smaller than 12" and meters which are 12" and
larger. The division was created to allow looser performance
requirements for smaller meters where tolerances are more difficult
to maintain. The flow regime is also divided into regions.
Essentially there are two regions, one low flow region and one high
flow region. The flowrate dividing them is called the transition
flowrate. Manufacturers are to provide the numerical values for
minimum, maximum, and transition flowrates. There is a
requirement that the maximum value be at least ten times greater
than the transition flowrate.

The maximum error allowable for an ultrasonic flow meter is +1-
0.7% for large meters and +/- 1.0% for small meters. This error
expands to +/- 1.4% below the transition flowrate. Within the error
bands, the error curve for any individual meter may not span more
than 0.7%, or one half the height of the error bounds for large
meters. This is the linearity specification written in terms of the
error curve. The repeatability of the meters must be +1- 0.2% for
the higher velocity range and is doubled for the lower. These limits
specify the performance of the meter prior to the application of any
flow calibration adjustment, or in other words are a dry calibration
requirement. A.G.A.-9 was written in this fashion to provide a
very clear and logical picture in which to view a meter's
performance based on readily available data. the error curve. The
dry calibration requirement itself was deemed necessary to
discourage any haphazard construction of meters with the intention
of "correcting" them in the final stages through flow calibration.

Individual Meter Testing Requirements

Individual meters are to be tested to strict tolerances for leaks and
imperfections. A.G.A.-9 also specifies a Zero-flow Verification
Test and a Flow-Calibration Test procedure (although a flow-
calibration is not required). These requirements were written
mainly for consistency. After flow calibration, the user is given
any number of options for adjustment (within the dry calibration
limits described above), however the flow-weighted mean error
method is suggested. More sophisticated multi-point schemes are
also allowed.

InstaUation Requirements

A.G.A.-9 was written from the perspective of experienced gas
measurement experts however each person freely admitted that they
were still learning. This is evident and factually stated in the
sections on installation requirements. Rather than specify
numerical values for up- and down-stream pipe diameters, A.G.A.-
9 requires test-supported recommendations from manufacturers of
ultrasonic flow meters. These recommendations can take one of
two forms. The manufacturer may define an up- and down-stream
meter configuration which will not be biased by more than 0.3%
from an installation effect (both with and without a flow
conditioner) or the manufacturer may specify the flow profile
deviation which will not bias the output of the meter by more than
0.3%. The user is also cautioned that protrusions, internal surface
condition, thermowell position, valve noise, and flow conditioners
may influence the meter's performance characteristics.
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New A.G.A. Report No.9, Measurement of Gas by
Multipath Ultrasonic Gas Meters•
JOHN W. STUART, Principal Engineer, Pacific Gas and Electric Company

recommended practice, will be suitable for referencing in the
following types of documents by anyone wishing to use VMs:

• Bid Specifications for furnishing and delivering an
ultrasonic meter (Material Purchase Specifications)

• Engineering Contracts for A&E firms designing and
constructing metering stations with ultrasonic meters

• Inter-Pipeline Operating Agreements for mutual agreement
of using ultrasonic meters for custody transfer
State and Federal Tariffs and Regulations for including
ultrasonic meters as an alternative to orifice meters

ABSTRACT

The new technology of multipath ultrasonic gas meters has been
rapidly accepted by pipelines throughout the world as the meter of
choice for high capacity meter stations. A.G.A.'s Transmission
Measurement Committee has just finished writing Report No.9.
Measurement of Gas by Ultrasonic Meters. The contents of this
new recommended practice for ultrasonic meters is summarized.

BACKGROUND •
Ultrasonic technology has been used for liquid metering since the
1950's. In the early 80's, British Gas developed a multipath
ultrasonic meter (UM) suitable for natural gas applications. During
the past few years, several hundred multipath ultrasonic gas meters
have been installed in pipelines allover the world. Indeed. the UM
is the most significant metering technology adopted by the gas
industry since the high pressure turbine meter was introduced in the
1960's.

STATE OF TECHNOLOGY

In 1995, GERG (Group European of Research Gas) published a
very comprehensive technical monograph, Present Status and
Future Research on Multipath Ultrasonic Gas Flow Meters. In
1996, A.G.A. published an Engineering Technical Note, Ultrasonic
Flow Measurement for Natural Gas Applications. At the time this
paper was written, VMs have been approved for legal metrology in
twelve countries. Now that UMs have been accepted by the gas
industry because of their high accuracy and low maintenance costs,
the process of developing national and international standards is
underway.

During the past few years, research results and flow calibration data
have shown that UMs are very accurate when measuring gas with a
good flow profile as found in calibration facilities. However, when
measuring flow profiles disturbed by some combinations of
upstream fittings and valves, VMs have exhibited a smaIl amount
of error. The amount of error is dependent on the type and severity
of flow disturbance, and each manufacturer's unique methods of
compensating for non-ideal profiles.

Therefore, unlike A.G.A.~3, no specific meter designs, or upstream
piping configurations are recommended in A.G.A.·9. Instead the
manufacturers are requested to provide technically defensible test
data that demonstrate that their meters meet or exceed the
performance requirements of A.G.A.-9 when installed in a piping
system compatible with their meter.

PURPOSE OF A.G.A. REPORT

SUMMARY OF A.G.A.-9 CONTENTS

Scope

The scope of A.G.A.-9 is limited to multipath ultrasonic natural gas
flow meters, 6" and larger in diameter. Typical applications
include measuring large flow rates at transmission pipeline
interconnects, storage facilities, gas processing plants, city gate
stations, and at power plants or other large end-use customer meter
sets.

•
Principle of Measurement

Ultrasonic meters derive the gas flow rate by measuring the transit
times of high frequency sound pulses. Transit times are measured
for sound pulses traveling diagonally across the pipe, downstream
with the gas flow, and upstream against the gas flow. The
difference in these transit times is proportional to the average gas
flow velocity along the acoustic paths. Numerical calculation
techniques are then used to calculate the average axial gas flow
velocity and the flow rate (acf7br) through the meter.

The flow rate capacity range of an UM is determined by the actual
velocity of the gas flowing through the meter, typically from I ftls
(0.3 mls) to over 70 fils (21 mls). Inherent in their design. UMs are
bi-directional, measuring flow in either direction with equal
accuracy.

The accuracy of an ultrasonic gas meter depends on;
• precise measurements of the meter body geometry,
• the accuracy of the transit time measurements,
• the quality of the flow profile and uniformity of the gas, and
• the flow profile integration technique.

Accuracy Requirements

A.G.A.·9 requires that the manufacturers test each UM design in a
flow calibration facility to demonstrate that the UM design can
meet the accuracy requirements specified below without actually
adjusting or calibrating each meter.
• Maximum permissible error: ±O.7% of measured value
• Mean Flow Weighted Error (see below): less than ±O.5%

To further reduce a meter's measurement uncertainty, the user may
as an option, have individual meters calibrated, i.e, output factors
adjusted, based on flow tests at a calibration facility.

Presented atA.G.A. Operations Conference, May 19-21, 1997, Nashville Tennessee. © American Gas Association

•
A.G.A.-9 will be published as a recommended practice and has
been written in the format of a performance based specification.
Specifications for meter accuracy, functionality, and various testing
requirements are included along with some installation
recommendations for the user. The intent is that A.G.A.~9, as a

•



Users of UMs should also carefully follow the manufacturers
installation recommendations, as any installation effects will add to
the overall measurement uncertainty after the meter is installed.

The Flow Weighted Mean Error (FWME) is introduced as a way to
quantify a meter's performance with a single number. FWME was
developed in Europe, and uses a weighting factor proportional to
the tested flow velocity to emphasize the accuracy at higher flow
rates. FWME = SUM ((VilVmax) • EI] I SUM (VilVmax), where
VilVmax is the weighting factor, and Ei is the error deviation
indicated at the tested flow velocity Vi.

Electronics Design Tests

Manufacturers must also test the design of their electronic systems,
including power supplies, microprocessors, ultrasonic transducers,
and signal processing components. Unlike most traditional gas
meters, ultrasonic meters inherently have an embedded
microprocessor system. Therefore, A.G.A.-9 has included by
reference, a international standardized set of testing specifications
applicable to gas meter electronics. These electrical and
mechanical tests serve to demonstrate the acceptable performance
of the meter's design under different influences and disturbances;
e.g., temperature, humidity, vibration, static electricity, voltage
spikes, and radio transmissions.

Factory Zero Flow Tests

After the fabrication of each meter is completed, the manufacturer
must perform a comprehensive set of shop tests to verify that all
mechanical and electronic components meet specifications. For
example, the internal diameter of the meter, and the distance
between ultrasonic transducers must be carefully measured,
verified, and documented.

An important test, key to the UM's ability to accurately measure at
any flow rate, is the Zero Flow Verification Test done in the shop
without any flow. Since UM flow rate measurements use the
difference in acoustic pulse transit times, the most demanding test
is at zero flow, where the measured transit times, upstream and
downstream, must be exactly the same to indicate a zero flow rate.
Another shop test is the speed of sound test which uses the average
transit times to measure the speed of sound, which is then
compared to a theoretical value based on the latest A.G.A.-8
equation of state.

Flow Tests

A flow calibration of each meter should not be necessary to meet
the accuracy requirements specified in A.G.A.-9. However, flow
calibrations guidelines are provided should a user want to verify
the meter's accuracy, or to adjust the meter's output to minimize its
measurement uncertainty. Flow calibration tests should be carried
out at gas densities and velocities (i.e. flow profiles) near the
expected operating condition.

Users are encouraged to release UM test results to the gas industry,
before and after calibration factors are applied. This will enable
manufacturers to demonstrate the accuracy of their uri-calibrated
meters, and facilitate research to improve UM technology. The
Gas Research Institute currently has a project to collect this type of
UM data.

Installation Effects

A.G.A.-9 alerts users that if an UM is installed with certain
upstream piping configurations, it may exhibit measurement error
if the flow profile has been disturbed to such an extent that the

meter's design cannot correctly compensate. Research work on
installation effects is on-going, and users should consult with the
manufacturer and review the latest test results to determine if a
specific UM design may be affected by the planned upstream
piping configuration, and to evaluate any benefits of installing a
flow conditioner or altering the piping configuration.

Maintenance

Manufacturers are requested to publish recommended maintenance
procedures. Periodic maintenance may be as simple as using a
remote PC to monitor several diagnostic measurements, such as
ultrasonic signal quality and speed of sound for each acoustic path.
Also, it may be possible to detect an accumulation of deposits on
the transducer faces by measuring a reduction in the received
ultrasonic pulse strength.

Whenever possible, users should verify that the UM measurement
returns to near zero when gas stops flowing through the meter.
When performing this test, users are cautioned that any meter run
temperature differences will cause thermal convection currents of
gas to circulate inside the meter which the UM can measure as a
very low flow rate.

The internal surface of UMs should be kept clean of any deposits,
which will reduce the meters cross-section area Accurate UM
operation depends on knowing the precise cross-section area to
convert gas velocity into a cubic volume flow rate. If a layer of
deposits accumulate inside the UM, the cross-section area will be
reduced, causing a corresponding increase in gas velocity and
posmve measurement error. For example, a 1132" thick layer
deposited around the inside of a 12" meter will cause a +1% flow
rate error!

Inspection and Auditing Functions

UMs are required to have an audit function where the meter's
configuration parameters, calibration factors, meter dimensions,
and diagnostic values being used by the meter's signal processing
system can be examined while the meter is in operation.

Field Verification Tests

A.G.A.-9 requests the manufacturers to develop a field verification
test procedure to test various aspects of the UM to assure that it is
operating properly and remains within the specified uncertainty
limits. These procedures may include a combination of a zero flow
verification test, speed of sound measurement analysis, internal
inspection, dimension verification measurements, and other
mechanical or electrical tests.

The manufacturers should also provide a rigorous uncertainty
analysis to demonstrate that their field verifications tests are
sufficient to preclude the need for periodic flow calibrations.

Appendix: Ultrasonic Technical Note

Included in the appendix of A.G.A.-9 as a comprehensive source of
technical information on ultrasonic gas meters is, A.G.A.
Engineering Technical Note M-96-2-3, Ultrasonic Flow
Measurement for Natural Gas Applications.

CONCLUSION

While the ultrasonic meter has already been approved by the
governmental authorities of a dozen foreign countries, the
publication of A.G.A-9 will signal the acceptance of this new
metering technology by the gas industry in the United States.

Presented at A.G.A. Operations Conference. May 19-21, 1997, Nashvitle Tennessee. © American Gas Association
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1 INTRODUCTION

Norsk Hydro has an installation for measuring fuel gas on the Oseberg C platform comprising a
6" multi-path Ultrasonic gas flow meter in series with an Orifice gas flow meter downstream.
The Ultrasonic gas flow meter is a Fluenta 6-path FMU 700 while the Orifice gas flow meter is a
simplified installation consisting of an orifice plate between orifice flanges. The Orifice gas flow
meter is used as a qualitative check meter to evaluate the long-term performance of the
Ultrasonic gas flow meter.• The flow conditions inside the Ultrasonic gas flow meter can change from a fairly well developed
flow to a severe asymmetric swirl flow, coming from two different sources with different piping
arrangements. After one year in continuous operation a flow conditioner was installed 9.9 D
upstream of the Ultrasonic gas flow meter to eliminate the swirl flow.

This paper will share the experience gained with the original flow regimes and with the flow
conditioner installed and the paper will conclude with a recommendation for installation and use
of this type of Ultrasonic gas flow meters.

2 BACKGROUND

The simplified Orifice gas flow meter was the originally installed fuel gas measurement system
on the Oseberg C platform. Soon after the introduction in 1993 of the new regulation from the
Norwegian Petroleum Directorate (NPD) relating to measurement of fuel and flare gas for
calculation of CO2 tax, Norsk Hydro was requested by NPD to improve the fuel gas
measurement installation on the Oseberg C platform.

• There is very limited space available for the fuel gas measurement system on the platform. After
performing several studies in 1993 and 1994 evaluating possible measurement principals and
installation solutions with space requirements, it was decided to install a prototype 6-path
Ultrasonic gas flow meter. It was also decided to retain the original installation as a qualitative
check meter.

The Ultrasonic gas flow meter was ordered from Fluenta 01.11.1994. With the installation of a
prototype meter the mandatory delays were inevitable and the meter was finally installed at the
Oseberg C platform in October 1995 atter extensive testing at K-Iab and considerable software
development. After the commissioning phase and after several errors had been corrected in the
software the Ultrasonic gas flow meter was finally put in operation 13.02.1996.

3 MEASUREMENTPRINCIPALS

3.1 The Ultrasonic Gas Flow Meter

•
The 6-path Ultrasonic gas flow meter has an acoustic path arrangement as seen in Figure 1.
Acoustic paths A and B are in the top half of the meter, and paths C and 0 are in the bottom
half. This acoustic path arrangement should enable the meter to measure and correct for a
symmetric swirl flow, and also to measure the secondary transversal flow component.



Calculation of CO2 tax is based on the amount of gas used measured as standard volume (Sm3
)

of gas. •

Figure 1 - Acoustic path arrangement in the 6-path Ultrasonic gas flow meter showing the
position and numbering convention for transducers. Path A is the topmost acoustic path.
Internal diameter is 146.25 mm.

The Ultrasonic gas flow meter measures actual volume flow and using PZT correction gives the
standard volume flow, see Equation (1).

Cross-section

Section A-A'
10 11

Section 8-8'
8 9

Section 0-0'
6

Section C-C'

Temperature and pressure are measured using transmitters with HART protocol.
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The Orifice gas flow meter is a 6" orifice plate between orifice flanges. The differential pressure,
temperature and pressure are measured using 4 - 20 rnA transmitters connected to the platform
control system. This arrangement tends to give flow also at zero flow since no cut-off limit has
been implemented and the zero accuracy of the 4 - 20 rnA differential pressure signal is limited.

The flow calculations in the platform control system is simplified with no iterative compensation
for flow, see Equation (2).

The constant K in Equation (2) has been calculated using typical gas composition, flow rate,
temperature and pressure, and has not been changed since installing the Ultrasonic flow meter
in series. The molecular weight (MW) is changed when adapting a new gas composition.

The multi-path Ultrasonic gas flow meter has been zero calibrated by Fluenta and then flow
calibrated two times at K-Iab. The calibrations were performed at 55°C and 37 bar a, while the
conditions at Oseberg Care 58 - 62°C (regulated) and 39 bar a.

The first calibration of the 6-path Ultrasonic gas flow meter was performed at K-Iab in May I June
1995. The calibration curve shoved unexpected large deviations from reference, which could
not be explained, see Figure 2. The calibration was repeated several times but the same curve
was obtained. The calibration curve was then implemented in the flow computer to eliminate the
offset error.

A large effort was put in to try to find the cause of the peculiar calibration curve but so far no
explanation has been found.

• 3.2

• 4

•

The Orifice Gas Flow Meter

(2)

CALIBRATION
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1

- -----..
o ~-------------------------------------------------~
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... 1200. 1995.
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-3 I _~ ..;;-;-;-------=====_-=======::!=======~-; ~r- r-
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Figure 2 - Calibration curves from calibrations at K-Iab in 1995 and 1997.
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Errors in geometric dimensions were suspected and thoroughly checked but all angles, lateral
positions and acoustic path lengths used in the flow computer were either measured values or
were within acceptable design tolerances. •
The second calibration was performed at K-Iab in June 1997, after some modifications to the
transducer face, reducing the length of each transducer. This modification was done to enable
higher gas temperatures through the meter. The significant shift, exceeding 3%, between the
calibration curves before and after modification demonstrates that a small bore Ultrasonic gas
flow meter must be flow calibrated before installation.

The calibration curve was implemented in the flow computer to eliminate the offset error.

As can be seen from Figure 2 the Ultrasonic gas flow meter is in this case underestimating the
flow with a swirl through the meter. This swirl is rotating in the opposite direction and is not so
severe as the one at the Oseberg C platform. The swirl is generated by two 900 bends out of
plane, with 5.5 0 between the bends, 200 upstream of the Ultrasonic gas flow meter. With flow
conditioner installed there is a positive shift in the calibration curve as well as a change in the
curve gradient towards the gradient seen during calibration in June 1995.

5 IN OPERATION •
During final commissioning (05 - 06.02.1996) everything looked in order. We got a nice
symmetrical ~flow velocity profile" see Figure 3, and a fairly constant sound velocity profile.
Refer to Figure 1 for transducer numbering and path positions convention.

Figure 3 - Gas from Fuel gas heater A. The transducer numbering and the path positions refer
to convention defined in Figure 1.

When we left the platform, the Ultrasonic gas flow meter seemed to function almost 100%, only
two minor software errors remained. On our next visit 7 days later (13.02.1996) to implement
the corrected software, nothing seemed in order. The "flow velocity profile" had suddenly as if
by magic changed to a severe asymmetric swirl profile, see Figure 4.

"What is wrong with this meter1?" "First the calibration and now this!?" Nothing it turned out.
Everything was re-checked and double-checked then finally some good detective work by
Fluenta revealed that the fuel gas supply had been changed by the process operator during the
night after we had left the platform (07.02.1996) from Fuel gas heater A to Fuel gas heater B. •
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Figure 4 - Gas from Fuel gas heater B. Severe asymmetric swirl flow. The transducer
numbering and the path positions refer to convention defined in Figure 1.

The "flow velocity profiles" in both Figure 3 and Figure 4 are interpreted as symmetric swirl flow
by the algorithms used in the flow computer of the Ultrasonic gas flow meter.

The Swirl in Figure 3 is very small while the Swirl in Figure 4 is severe, asymmetric and rotates
in the opposite direction from that in Figure 3. The calculated axial flow velocity profile in Figure
4 indicates a very flat swirl profile, while the one in Figure 3 is more parabolic but still flat.

Changing back to Fuel gas heater A (14.02.1996) returned everything back to "normal", see
Figure 5.

•

,
B
!§
Q.
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o

3.6

3.4
-1 -0.5 o 0.5

Normalized lateral position of acoustic path

Fuel gas healer A

-1

05.D2.96 25.02.96

Figure 5 - Percentage difference between the Ultrasonic gas flow meter and the Orifice gas flow
meter with and without swirl flow through the Ultrasonic gas flow meter.

The process operators were instructed to use only Fuel gas heater A until the problem could be
resolved. The original layout drawings were not to scale and revealed no apparent reason for
the observed change in flow regime.

1S.03.96
Fiscal day

05.04.96
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A new test was performed (08 - 19.03.1996) with Fuel gas heater B to verify the observation, •
see Figure 5.
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Figure 7 - Hourly fuel gas consumption per MW produced power for the Ultrasonic gas flow
meter and the Orifice gas flow meter with and without swirl flow through the Ultrasonic gas flow
meter. The Ultrasonic gas flow meter experiences a systematic increase in flow rate reading
when the flow changes to severe asymmetric swirl flow. The flow rate from the Orifice gas flow
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• meter remains constant throughout this change. Not easily seen from the plot in Figure 6 of
fiscal day totals but very clearty seen when the time series for hourty fuel gas consumption per
MW produced power is plotted in Figure 7.

There appears to be well-defined bands for the percentage difference between the flow rates
from the Ultrasonic gas flow meter and the Orifice gas flow meter. One band with fairty well
developed flow when gas from Fuel gas heater A is used, and another band with severe
asymmetric swirt flow when gas from Fuel gas heater B is used, see Figure 5 and 7.

The severe asymmetric swirt with gas from Fuel gas heater B, was found to be due to two 900

bends out of plane 39.2 D upstream of the Ultrasonic gas flow meter, easily detected when the
layout is drawn to scale, see Figure 8.

•
\

/~
1431mrn

\;'. 9.78.~

146.25mm
10

• 5735 mm, 39.20 distance from utras:mic gas flow meterto SNirI generating bends
13620 mrn, 93.1 D distance from Orifice gas flow meterto 9Nir1 generating bends

Figure 8 - Layout to scale reveals swirt generating bends.

The two 900 bends out of plane are very closely coupled with less than 2 D between the centre
lines of each bend and they are also tee bends. In addition a third 900 bend is located only
2.5 D upstream of the two bends possibly adding some cross-flow to the swift

With gas from Fuel gas heater A, the flow is only passing through 90° bends in the same plane
resulting in a reasonably well behaved flow, as could be expected.

5,1 Time Synchronisation Problems

The Orifice gas flow meter uses the platform control system as flow computer. Therefor the
hourty and daily values from the Orifice gas flow meter are always time-synchronised.

For the Ultrasonic gas flow meter the flow computer is a PC with a real time clock. The real
time clock has an uncertainty less than 0.001%. However, in the first 7 months after the
Ultrasonic gas flow meter was put in operation the fiscal day total was calculated using a fiscal

7



day that was reduced with approximately 40 sec. (-0.046%) every day. This was due to an error •
in the accumulation software and not the real time clock. This effect can be seen as the gradient
in Figure 9.
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Figure 9 - Percentage difference in accumulation of current fiscal day totals every hour between
the Ultrasonic gas flow meter and the Orifice gas flow meter. The positive going peaks are at
00:00 every day while the negative going peaks are at 01:00 every day.

Because of this the Fiscal day in the Ultrasonic gas flow meter starts earlier every day. The time
offset from midnight (00:00) can be seen from the plot of percentage difference between the
hourly values of current fiscal day totals in Figure 9, as a negative peak at 01:00. -10%
difference (- 2% offset) indicates that the start of the Fiscal day is approximately 6 minutes
before midnight. This of course made the comparison between the two meters difficult.

The platform control system log values every 10 minutes. The current Fiscal day totals for the
Ultrasonic gas flow meter and the Orifice gas flow meter are calculated and logged every hour
as the maximum value of the 6 last 10 minutes values. In addition the previous Fiscal day total
for the Ultrasonic gas flow meter is logged every hour.

Knowing this, the data containing the timing problems illustrated in Figure 9 can be time-
synchronised. To do this one has to derive the time synchronised hourly values. By
accumulating the 24 hourly values thus found, the time synchronised Fiscal day total at midnight
(00:00) for the Ultrasonic gas flow meter have be calculated for the data presented in this paper.

The daylight sawing time was implemented as an automatic time function from Microsoft in the
flow computer for the Ultrasonic gas flow meter, but the time selected was the time on Hawaii
and not Central European Time. This error has been corrected.

5.2 In Operation With Fuel Gas HeaterA

The Ultrasonic gas flow meter was taken out of operation in March 1997 and sent for
modification at Fluenta AS and re-calibration at K-Iab. Figure 10 shows typical percentage
difference between the two meters before this modification.
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Figure 10 - Typical percentage difference for various fuel gas levels. Gas from Fuel gas heater
A.

The percentage difference between the two meters is fairly constant between 1 - 2 % but some
larger variations are also seen when the flow rate changes. ..

6 RECALIBRATION AND INSTALLATION OF FLOW CONDITIONER

The Ultrasonic gas flow meter was recalibrated at K-lab in June 1997, see Chapter 4 and
Figure 1.

The Ultrasonic gas flow meter was reinstalled in August 1997 together with a K-Iab Model Laws
flow conditioner Type 1-6-12 (holes), with the new calibration curve implemented in the flow
computer. The percentage difference between the measured flow from the Ultrasonic gas flow
meter and the Orifice gas flow meter is back to the level seen before modification, with gas from
Fuel gas heater A, see Figure 11.

The flow conditioner has eliminated the swirl and shaped the profile as can be seen in Figure 12
and Figure 13.

Figure 12 is comparable to Figure 3 while Figure 13 is comparable to Figure 4. The axial flow
velocity profiles are now more parabolic in shape with gas from both Fuel gas heater A and B.
The K-Iab Model Laws flow conditioner both stops the swirl and shapes the flow profile.

The -flow velocity profiles" in both Figure 12 and Figure 13 are interpreted as symmetric swirl
flow by the algorithms used in the flow computer of the Ultrasonic gas flow meter.
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Figure 12 - Gas from Fuel gas heater A, with flow conditioner, The transducer numbering and
the path positions refer to convention defined in Figure 1_
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From calculations of the transversal flow velocity components in path position A and B the
improvement with flow conditioner is clearly seen in Figures 14 and 15.

In Figure 14 an asymmetric swirl line is added to the measured values to indicate what the
transversal flow velocity components might be in the lower half of the pipe, in path positions C
and D. This indicates that the swirl is probably not symmetric i.e. the axis of rotation in the swirl
does not coincide with the axis of the pipe.

In Figure 15 symmetric transversal flow velocity components are added in the lower half of the
pipe, in path positions C and D, as assumed and used by th,e flow computer, see Figure 15.
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Figure 14 - Transversal flow velocity components indicating asymmetric swirl. The path
positions refer to convention defined in Figure 1.•
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Figure 16 - Typical percentage difference with gas from Fuel gas heater A and B. with flow
conditioner. Verifying the performance of the flow conditioner.

The severe asymmetric swirl flow. with gas from Fuel gas heater B has been effectively
eliminated by the flow conditioner. A test was performed in February 1998 to verify the
performance of the flow conditioner, see Figure 16. With flow conditioner, no significant shift can
any longer be seen when changing from Fuel gas heater A to B and back to A.
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We experienced some trouble with tuning in the pulse detection criteria after modification of the
transducers, resulting in the use of the Orifice gas flow meter as master fuel gas meter for some
time after reinstallation. Also a defective AID converter giving odd pulses as a result was
discovered. These problems have now been fixed.

6.1 Variations In GasComposition

Another reason for the shifts in percentage difference was found to be due to the adaptation of
new gas compositions in both the Ultrasonic gas flow meter and the Orifice gas flow meter. In
the flow computer for the Ultrasonic gas flow meter the gas composition is used and a full
calculation of compressibility is performed, see Chapter 3.1. For the Orifice gas flow meter only
molecular weight (MW) is used and no iterative calculation is performed, only a simplified model
with constant K is used, see Chapter 3.2.

Figure 17 illustrates the effects of changing gas composition. The Orifice gas flow meter is
experiencing shifts in reading due to changing MW while the reading from the Ultrasonic gas
flow meter remains unaffected. This also explains some of the shifts seen in other Figures in
this paper, especially in Figure 11.

In December 1997 the major gas producing well was permanently closed down resulting in
larger variations in gas composition.
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Figure 17 - Typical shifts in percentage difference and in the Orifice gas flow meter readings
after adapting new gas compositions.

7 ENHANCEMENTSTO THE ULTRASONIC GAS FLOW METER

Several features were added to the flow computer of the Ultrasonic gas flow meter to make the
meter as user friendly as possible. All configuration, currently measured values and software
verification test data were made available via Modbus.

A PC in the central control room (CCR) on the platform collects this data. All these values can
be printed as a 7 pages long Configuration report printing approximately 410 values. The Daily
report seen in Figure 18 contains the same data as in the first part of this Configuration report.
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Daily report for FMU 700
Date: 06.02.96 16:31:25
Program version ~ : Ei .. 2
Confiqure audi t no · ..· ..·: ..,
Start of fiscal de.y · ..: 0 hr
Line Volume Flowrate ................•.......•..... : 238.664108216367 m3/nr
Standard Volume Flowrate ..•.••............•....... : 8411.021484375 Smllnr
Maa8 Flowrate ..........•.•..•..•.......••.•.•..... : 7254.849609375 kg/hr
Mean Flow velocity ....•.....•..•.......••........• : 3.99362.9~56134 mi.
Line Temperature ......•..••....•..•..•.•.........• : 51.72H145629883 Deg C
Line Pressure L = 38 ..4 959716' 966'1 5 f!,ar A
Line Den.ity Calculated AGA-8 (1985, ...........••. : 30.3977395944131 Kg/m3
Line Compre8sibility factor AGA-8 (1985) ...•...... : .928581542388127
Standard Compressibility factor ISO 6976 (1983•...: .996894349409422
Daily Total, Line Volume today, Forward ..•........ : 520 m3
Daily Total, Line Vol~e yesterdaY$ Forward .••.... : 0 m3
Daily Total, Std. Volume today, Forward .....•..... : 19060 Sm3
Daily Total, Std. Volume yesterdaYt Forward .•..... : o 5m3
Daily Total, HalSs today, Forw.ord , •.•.••.•.. : 15543 kg
Daily Total, Mass yest.erdaYJ Forward ~ ~: 0 kg
Non-Resettable Total, Line Volume~ Forward •.. ~ : 520 m3
Non-Resettable Total, Std~ VQlume~ Forward ••. ~ .••. : 19060 5m3
Non-Resettable Total, Mass, Forward ............•.. : 15S~3 kg
Gas Compo.sition Met.hane ••...•..•..•..•..•• ~ ••••••. : 82.64 Mol,%
Gas Composition Et.hane ~ •...................•...... : e. 27 "Mol'
Gas Compos i ti on Prop.ane ...............•....•.•.... : 4. 02 Hol %
Gas Compcsi"tion n But;.ane ..............•.. ~ : 1.13 Holt
Gas Composition i-Butane ..•..•.....•. ·· ··: ~42 Noll
Gas Composition n-Pentane .•................. ·· .•.. : .3 Mol\
Gas composition i-Pentane .••................ ~ •.... = .21 Moll
Gas Compo:5ition n-Hexene ~ .•. ~ ....• : 0 Mol%
Gas Compoaition n-Hep t ane ...........•.. ~~ .•..•.... : .42 Hol%
Ga5 Composition n-Oet.a.nl!: .........•..•.. ~ ..•....... : 0 Mol%
Gas Composition Nitr09'en .....•..• ~ .. ~ ~ : .'14 Molt
Gas Compo8i'tion Carbon dioxide ~ : 1.65 Hol\
Gas Composition H20 ••••• ~••••.•.••.••.•...•••••••• : 0 Mol\
Gas Composition H2S••••••••••••.••.••.•....••••••• : 0 Moll
Mean Flow velocity alon9 transducer path H1•...•.. : 3.79926753997903 mi.
Mean Flow velocity along transducer path "2•...•.. : 3.84272813796997 mI.
Mean Flow velocity along transducer path ~3•...... : 4.13601016998291 mIl
Mean Flow velocity along transducer path "••...... : 4.16019295288086 m/a
Mean Flow velocity along transducer path ~5 : 4.08981275558472 m/a
Mean Flow velocity along transducer path .6.....•. : 3.79233145713806 mls
Mean Sound velocity along t~an8ducer path .1 : 403.946685791016 m/s
Mean Sound velocity along ~ranaducl!:r path *2 .. ~ .•. : 403.918304443359 m/s
Nean sound velocity along transducer path *3 ..•... : (03.641632080078 mi.
Mean Sound velocity along transducer path .4 ••.... : 403.629609154297 mI.
Mean Sound velocity along transducer path ~5 •..... : 402.193145751953 mIl
Mean sound velocity along transducer p.~b .6 : ~03.318021240234 m/s
Heasure~enta '% used 11 ....•.. ~.. ~ : 100
Measurements 1 used '2. ~ •. ~ •. ~ •..............•.... ; 100
Measurements' used .3 .••.................••...•.. : 92.9577484130859
Measurements 'II used *4 .....................•...• ·.: 100
Measurements , used *S _.. ! 100
Measurements % \,tsed "'6 ~ ...•..•..•..•..... : 100
Measurement.S '- used ., ....•..•..•..••.••.........• : 100
Keasure:lnents , used Ie. ~ _ ; 100
Meuurementa , used .9 .•...•.••..••••.........•... : 98.591552734375
HessUrelll.ent.s .. used .10 ~.. ~ ~.. : 100
Hea.l!lUrel1ents I ua-ed Ill. ~•. ~ ~.. : 100
Measurem.ent .. " u.sed 112 ~~•. : 100

Figure 18 - Typical daily report.

The only real problem with the Ultrasonic flow meters is the vast number of configuration data,
making it a tedious task to verify the correct set-up of such a meter. (In addition this data is not
always readily available in all Ultrasonic flow meters.)

As a consequence the software verification task was completely automated. All data needed to
carry out complete software verification test is entered on a separate page in the flow computer.
As there is a problem guessing at a sensible set of transit times to start with, the flow computer
suggests using the current values. So all one really has to do is set the duration of the test. The
software verification test can be run while the meter is measuring so there is no need to take the
meter out of operation in order to verify the software. When the test is finished all configuration
values and test results are collected by the PC in the CCR and stored to file.

A verification program developed by Fluenta then reads this file and prints a software verification
test report as documentation, see Figure 19. What used to be a very tedious task to perform
requiring an expert on the measurement principal, can now be performed by any maintenance
technician using a fraction of the time needed previously.
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fI:.eault-5 from Flv.nt. nru 700 v.t"U.i.c.t.lon prQ9Z'uh ver:-1.3
Lo99ed: 11:30~tII!I 13/02/1996

-.--_ .... -- ....- ......--- n.D!.IAY [l,t$J ------ T.CORJIl. lu.]
P__th .0-11 1.119:400•• 001 -1.:iOOOOO.-D03
.. th 1...10 1.110600.+001 3.100000.-003
PAt.h 2:-'9 1.122400 •• 001 2.100000_-003
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propane 4.0200.00 41.020000
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O.ODD000102
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Aet. t... 3.354!Ui311a.+002 [ai/h..r)
St.d t.. 1.16:U8S!l14..+004 (1al/hrJ
Act.VoL ;LIlZ'13'..,I6e+OOl (Ial)
It.d. Vol. ".802234025.+002 (sal]
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•
Figure 19 - Typical software verification report.
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8 CONCLUSION •The multi-path Ultrasonic gas flow meter operated continuously for the first year without any
major difficulties and demonstrated good long-term stability.

The multi-path Ultrasonic gas flow meter can not handle a severe asymmetric swirl flow to fiscal
accuracy. A flow conditioner I straightener can be used in front of the Ultrasonic gas flow meter
to eliminate error in measurement due to swirl.

The 6" Ultrasonic gas flow meter must be flow calibrated before installation and the calibration
curve must be implemented in the flow computer.

It is critical that all geometrical dimensions in the meter spool are certified and entered into the
flow computer.

Upstream bends should be kept in the same plane for at least 50 D, then it should be sufficient
with 10 0 straight pipe upstream of the Ultrasonic gas flow meter. If this can not bee achieved a
flow conditioner should be installed.

This type of Ultrasonic gas flow meter is now recommended for use in fiscal gas metering •
systems operated by Norsk Hydro.
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IS A WET GAS (MULTIPHASE) MASS FLOW ULTRASONIC METER JUST
A PIPEDREAM?

David Beecroft, ARCO British Limited

1 ABSTRACT

•

Ultrasonic meters are, by nature, gross volumetric meters and have generally only been
applied to wet gas (post separator) metering systems. For mass flow applications PTZ
density is derived from the gas composition but this has a number of disadvantages for fiscal,
high accuracy applications including a requirement to provide a chromatograph or sampling
facilities with a high maintenance and logistic overhead and a not insignificant impact on the
uncertainty budget. Currently separators are required to remove free liquids from the process
stream prior to metering with this type of meter which has a large impact on project costs,
often making small developments commercially non-viable.

Seeing the potential for developing the ultrasonic meter further ARCO British Ltd (ABL)
embarked on two trials, using existing systems, to determine the feasibility of developing a
mass flow/multi-phase meter. These are:

1. The density trial utilises two multi-path USM's and an on-line gas chromatograph
measuring gas production from differing fields. Initial data analysis indicates that the
calculation of density is possible and work has commenced on developing a portable
equation for this calculation.

2. A trial USM has been installed upstream of a production separator and the data from
this meter is compared with existing gas and liquids meters installed post-separator.
Performance data from the USM has indicated that the meter will function in this
environment although this is yet to be qualified.

The initial indications from both trials are good and work continues on refining models to
describe the meter behaviour.

• The use of ultrasonic flow meters is relatively new in the area of fiscal metering [1) and users
are currently gaining confidence in their performance. Anomalies in the calibration results had
been identified on meters operated by other companies following periods in service when a
shift of the whole calibration curve was noted. This has not been the case with the stainless
steel bodied meters used by ABL resulting in the acceptance of this type of meter alongside
orifice plate metering systems on two developments this year.

2 INTRODUCTION

UltrasoniC metering technology is moving at a tremendous pace with the use of multi-path
meters for the measurement of natural gas starting to gain acceptance throughout the
industry. However, being a gross volumetric meter, density has to be derived from another
source in order to obtain a mass quantity for allocation purposes. A densitometer can provide
a density value direct or it can be calculated from the gas composition using PTZ algorithms.
The only problem with the latter is it requires either an on-line chromatograph to be installed or
regular samples to be taken. Both of these options have a significant impact on the system
uncertainties and can present substantial maintenance and logistiCS problems. One answer to
this is to use the velocity of sound (VOS) measurement from the ultrasonic meter.

•



Another problem facing operators is the development of marginal fields and the impact of
installing separators and metering systems on minimum facility platforms. If a multi-phase
USM can be developed allowing separators to be removed from the platform design it will
save significant project and operational costs (potentially £1M - £2M on a field) for small field
developments.

•
One answer to these problems, or rather challenges, would be to develop a meter that can
derive its own density measurement and also cope with free liquids passing through it without
loss of measurement capability. The title of this paper poses a question that not too many
years ago would probably have elicited an affirmative reply. However, the results of work
carried out by ABL and Instromet, amongst others, indicates that this might no longer be the
case. This paper describes the ongoing investigations into current meter performance,
density derivation from the VOS measurement and ability of a USM to cope with gas
containing free liquids.

3 IN SERVICE ULTRASONIC FLOWMETERS• AN UPDATE

Following the acceptance by the DTI of Ultrasonic meters (hereafter referred to as USMs) as
part of the allocation metering for the Trent and Tyne fields [2J the meters were installed,
commissioned and introduced into service in the autumn of 1996. A spare 12" 900# a.Sonic-
5 (manufactured in duplex stainless steel) was obtained to allow the installed meters to be
removed for calibration at the end of one year's service. Due to operational requirements it is
impossible to remove, re-certify and return a meter to its installed position during the routine
annual platform shutdown. After two years service, therefore, one meter has been certified
three times and the other two twice. Long term stability and reliability are seen as advantages
in this type of meter. This should lead to extended calibration periods, thereby reducing the
maintenance budget on the system. ABL are keen to prove this hypothesis.

For various reasons, other operators have experienced shifts in the calibration curves
following periods of service and also noted differences in meter response at different test
centres. A concentrated effort was therefore made by the Metering and Allocation Group at
ABL to ensure that, wherever possible, the meters would be tested at only one test centre, to
remove any test centre effect. Any differences observed between calibration curves WOUld,in
the main, be attributable to meter response. Knowing that some carbon steel bodied meters
exhibit a shift, both ABL and Instromet were keen to see the results for the three duplex
stainless steel units and the trial carbon steel meter in order to determine whether the duplex
stainless bodied meters would suffer in a similar manner. An opportunity arose that allowed
one 12" SIS meter to be calibrated at 3 test centres whilst it was out of service.

3.1 AnnualRe-certlfication

The two original 12" Q Sonic 5 SIS meters were initially tested at Gas Unie, Westerbork on
29th November 1995 prior to being installed on the Trent platform. Both meters were removed
after approximately one year in service. Meter SINo 2034 was re-installed in 1997 and
removed for its third check calibration in 199B. The two figures overleaf show the individual
calibration curves superimposed on each other. Figure 1 is for meter SINo 2034 and Figure 2
for meter SINo 2035.

It is readily apparent that, in both cases, there is very little difference between the curves apart
from the low flow region. A calibration factor of 1.0 had been entered into both meters at the
original calibrations and these have not been adjusted at any of the subsequent calibrations.
It is therefore concluded that there are no signiijcant shifts between calibrations undertaken at
the same test centres.
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• on the data acquisition computer. The data files are recovered and the information within them
tested for validity. For example, jf the chromatograph fails the system reverts to a default
analysis. Whilst this is acceptable from a metering perspective it invalidates the trial data as
the composition of the gas used by the flow computer and recorded as part of the trial is not
exactly the same as that flowing through the meter.

5 WET GAS TRIAL

The second of the two trials that ABL is currently conducting is located on the Thames AP
(49/28AP) production platform. It utilises the 12" Q Sonic carbon steel meter used for the
original trial conducted on this platform in 1995 [2].

In brief, the USM has been installed upstream of the production separator used for the
Thames field (one of four systems on the platform) and the results compared with the
quantities measured, post separation, of gas, condensate and water. This type of meter
would normally be installed downstream of the separator.

The objectives of the trial are listed as four questions:

1. Does it work?
2. If so, how well does it work?
3. Can the liquid content of the combined stream be measured by the USM alone?
4. Can the water/condensate split be predicted using information from the meter?

It is obvious that some tough questions are being posed in this trial and that the answers may
not be found quickly. Whilst the trial started almost two years ago, various problems have
been encountered that have interrupted and delayed progress. These are described in a later
section.

One other question that requires consideration is 'what is wet or multiphase gas'? A difficult
one to answer. Is the product just saturated? Does it have free liquid, in which case it is two
phase or multiphase? Stobie [7], in a recent paper, shared his thoughts on this very subject.
For the purposes of this paper a simplistic view has been taken. The fluid produced from a
well is a multiphase fluid with a high gas fraction, containing free hydrocarbon condensate and
water and is metered before any form of separation takes place. The system on which the
trial meter is installed is a typical Southern North Sea natural gas that produces 0.01
bbls/mmscf condensate and 0.04 bbls/mmscf water. This equates to approximately 1.5%
liquids in the gas stream. Typical process conditions are 20 to 40 bar g, 8 to 30°C and flow up
to 30 mmscf/d.

5.1 Wet GasMeterInstallation

Production from 6 wells that form the Thames field is routed to a dedicated production
separator where free liquids are 'knocked out' of the gaseous stream. The resultant wet [8]
gas is then routed to the allocation metering station. This system has 2 x 100% 10m meter
tubes each fitted with Daniel's Senior orifice fittings. The standard configuration of 2
differential pressure (dP), pressure and temperature transmitters connected to a dedicated
Daniel's S500 flow computer is used on each stream for flow totalisation. The gas
composition is derived by chromatographic analysis allowing PTZ density to be calculated
within the flow computer. Figure 6 shows a Simplified arrangement for clarity. The system
has a ±1% uncertainty budget. The separator has sufficient dwell time to allow the liquids to
separate into condensate and water fractions. Each is metered using Micro Motion 0 type
coriolis meters and the flow is dependent on the liquid level within the vessel.

•
The Instromet 12" Q Sonic 5 path meter has been installed directly upstream of the Thames
separator together with pressure and temperature transmitters. The system configuration is
the same as used on Trent and Tyne with a pulse signal proportional to gross volumetric flow,



routed from the USM to a S500 flow computer, together with pressure and temperature
signals. •

The composition used in the trial USM flow computer is from the chromatograph sampling
post separator gas and is not truly representative of the product flowing through the meter
(this will be discussed in more detail later).

Initially, data could only be collected via the PCS (Process Control System) as the database
installed on the allocation metering system could not accommodate data from the trial USM.
Latterly, however, the situation has been improved allowing data to be retrieved through two
systems. The data connections in Figure 5 (dashed lines) indicate the current position. A
software module has been coded into the new metering database allowing all of the data
required to be captured in one file. This has only recently been introduced following a major
software upgrade. The data includes cumulative flow totals for all fluids, process conditions
and separator level indications. The metering database module also records the downloaded
composition and USM diagnostic information.

The PCS data is captured via a reporting PC located in the ABL Great Yarmouth Control
Room and automatically uploaded to a network server. The data from the metering database
is stored locally on the DAC offshore. The files are manually retrieved via the onshore server
of a dedicated metering network.

:-_ .. - -.- - -_ _ --_ --- -_ .. -_ ---_ ..---- --_ .. ---_ ..--- -_ .. -_ .. --_ ..

DATA ACQUISITION COMPUTER
.--.---- ---- -_ - ..- ..----.. ., [=:r'J-(------------------------------------+--]

r •••••• ::Q..ol . ~C~ , ~ i
, .n. ""n .': ----- --------.! ~ : :.----.. . ......1l .,. ~ !
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. f··..···....·--·! :..----.. --.--...
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Figure 6 - Schematic of wet gas trial

5.2 DataCollection
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• 6 PROBLEMS, OH PROBLEMS

6.1 Wet GasTrial

The wet gas trial has been fraught with problems and can be held up as an example to others
of the things that can and do go wrong in any trial or experiment, particularly one on a live,
operational system. Murphy's Law certainly applies.

Installing the Meter

The installation of the meter required an angled spool to be fabricated to allow the USM to be
inserted in the line. Arrangements were made to cease production for a day, isolate and
purge the system and remove a spool so that the new spool and meter could be installed. All
went well until the new spool was offered up to the separator. Unfortunately the flange angle
of the spool did not match the separator. This necessitated putting the system back as it was
incurring considerable cost and delaying meter installation another 6 months.

PCS Data Gathering

• Whilst the PCS can in no way be considered to be an intelligent machine, i.e. one that is
capable of modifying its own behaviour [9], one began to wonder about the data file that was
generated for the trial. It would, all by itself(!):

• stop producing data files after the 13th ofthe month (sometimes)
• randomly change the file name format from VYMMDD.usm to VYOOMM.usm
• transposed the density and pressure data

Even though the engineers responsible 'dealt' with this problem it did recur a few times. This
caused numerous problems when data processing was taking place and also lost quite a bit of
good data.

Data Gathering Via Metering Database

A system upgrade to replace the original metering database that was planned for the end of
1997 had to be deferred for several months due to operational difficulties. The improved data
collection module could not be implemented when originally desired.

• Coriolis Metering Problems

The liquids metering system suffered from several equipment malfunctions. The original level
control system (now replaced) would occasionally malfunction causing the condensate level to
be lost and consequently the liquids data to be corrupted for the day. The condensate meter
exhibited intermittent flow anomalies and finally failed to give any sensible reading, again
giving erroneous data.

General Operations

The requirement whether or not to produce gas is not under our direct control. ABL are duty
bound contractually to produce gas when nominated. This has led to some periods of
inactivity .

Money

•
More precisely the lack of it. In order to remove the meter for calibration the production
system needed to be isolated, vented, and nitrogen purged for removal and installation. This
would have cost £60,000 for the nitrogen purges alone. Unfortunately, no other work was
scheduled for the system this year so the meter calibration was postponed.



6.2 Density Trial

In contrast to the wet gas trial the density trial has suffered relatively few problems and these
can be classified as follows: •
General Operations

Routine maintenance and the occasional failure of the chromatograph have led to the loss of a
small amount of data. As the platform is a normally unattended installation routine work can
be delayed by, for example, bad weather which has resulted in helium carrier gas running out
on the chromatograph and the metering database reverting to a default analysis.

Data Validation

It is important that the data used in generating a mathematical model of a system is
representative of the process. The inclusion of inappropriate data will result in a poor model
being produced. With the large quantity of data that is being collected for this trial, difficulties
have arisen in sorting through the data sets for each field and removing invalid data, e.g.
default analyses and data from malfunctioning instruments.

7 RESULTS

7.1 Density Trial

A large quantity of data has been gathered over a two year period from both the Tyne and
Trent metering systems. Following validation checks to ensure that aUof the data is suitable
for analysis work has commenced on the development of a mathematical model. It is vital that
the data does not contain any fixed parameters, e.g. pressure, temperature or composition, as
these will have an adverse affect on the model.

The results of an analysis on a small data set for each field (500 records for Tyne and 250 for
Trent) suggested that density could be calculated to a reasonable degree of accuracy from
VOS, pressure and temperature for the Tyne field. However, Trent poses a somewhat greater
challenge. The density calculated from the vas using a polynomial equation was compared
with the density calculated using the AGA8:1994 equations of state in the flow computer with
the resultant relative errors plotted in Figures 7 and 8. It can be seen that for Tyne the spread
of error is approximately ±0.4% but for Trent it is far greater, by a factor of 10. Data collection
continues with a database of 4300 records for Trent and 6400 for Tyne available to both
Instromet and ABL for data analysis and model generation.
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Figure 7 - Tyne density relative error - early data set
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Whilst most of ABL's work has concentrated on data validation an investigation was carried
out to determine whether the nature of the relationship between VOS and density could be
modelled by a simpler, linear equation. The classical equation for the calculation of vas,
Equation (1), has been utilised for this purpose. This equation is for ideal conditions and it is
known that when the ratio of specific heats is used the results do not equate to those found in
the non-ideal trial. The equation was transposed and a k factor substituted for cp/cv, Equation
(2).

•
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Figure 8 - Trent density relative error - early data set

c=Jr pP

where c = VQS,
Y= low pressure ratio of specific heats (cp/cv), and
P = pressure.

•
where k = composite factor.

As pressure has a greater effect than temperature on the ratio of specific heats the k factor
was plotted against pressure and the linear approximation derived. This has been
incorporated into Equation (2) and the relative error calculated for the two data sets. From the
error plots for both fields, Figures 9 and 10, it can be seen that the correction improves the
results but it is still not correct thereby reinforcing the view that a polynomial function should
be used as a basis for the model in preference to a linear function. The impact of pressure
and temperature is evident when they are plotted alongside the density error, as illustrated in
Figures 11 and 12.

Preparations are under way to extend the trial and collect data from the Sure West and Deben
developments installed this year.

•
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Figure 9 - Density error - Tyne field
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Figure 10 - Density error - Trent field
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ULTRA-SONIC WET GAS MEASUREMENT DAWN GAS METERING
A uREAL WORLD" SYSTEM

Klaus J lanker, Daniel Industries Inc
Gordon J Stobie, Phillips Petroleum Company

1 INTRODUCTION

In 1995 Phillips Petroleum Co UK Ltd -decided-to exploit the-Oawn reserves in the Southern
North Sea via a subsea well and existing facilities on the Hewett 48/29C platform. Following
the resolution of the Ultraflow Wet Gas JIP [1J it was decided to use the prototype JIP
Ultrasonic Meters as the production meters for Dawn.

A short meter skid was designed to incorporate the two 6 inch USM's and NEL (Spearman)
flow conditioners and was flow tested at the British Gas facility at Bishop Auckland. The
results of these tests demonstrated the performance of the meters and the flow conditioners
and may be found in Reference [2].

In brief the metering skid enables Dawn gas to be metered following primary liquid separation
via one or two 6 inch Daniel Ultrasonic meters. The skid can be configured to meter the gas in
a simplex, duplex serial or parallel meter mode. See Figures 1 and 2 for further information.

The design of the meters is also covered in Reference [1] and consisted of reduced size
acoustic transducers housed in large ports so that liquid build up does not cause an acoustic
link between the transducers and the body of the meter.

This paper details our experiences with wet gas measurement and the results from these
specialised meters when used in liquid saturated gases in harsh process conditions.

2 PRE·COMMISSIONING

Following the flow testing at Bishop Auckland the meter skid was shipped offshore for
installation. Once all the installation had been completed pre-commissioning and
commissioning took place.• i. In pre-commissioning we set up the skid with nitrogen at 10 to 15 bar g to test the
USM transducers and found that the signals from otherwise previously perfect transducers
were not particularly good. Following some investigative work we found that the meters had
been hydro-tested complete with the transducers. We were assured that the pressure had
been let down "slowly~ ... but we reckoned that the pressure let down had detached the 0.005"
shim from the USM transducers.

The shim seals the epoxy face from' the 'nastes" we often find in the gaseous products ...
methanol, H2S etc.

The shim is part of the transducer and is acoustically bonded, but the pressurising and
depressurising allowed the shim to detach and thus break the acoustic bond.

As there was no H2S in this case we were able to grind off the shims and rescue most of
these transducers and get on with the commissioning after only a few days delay.

•
ii. Whilst we were setting up the meters we found that the lower chord transducers
would fail on a regular basis. Each time we removed the transducer pair we found that liquids
had accumulated in the bottom of the meter which was a low point in the process



For many reasons it may be impossible to raise either parameter. Temperature is
often governed by external factors - s~a temperature, pipeline length, flow rates etc. •

pipework ... a design failure on our part, but one of those things that happen when retrofitting
a skid to existing facilities ... which in any new design we would certainly design out ... we
hope. •
We were at a loss to find out where the water was coming from, but we are convinced now
that it was hydrotest water from both upstream and downstream of the process.

Our "low point" design certainly cost us time with these problems, and has probably affected
us since in normal operation.

3 IN OPERATION

3.1 Flow Conditions

ISO 5167 states that good flow conditions exist when the flow profile is <±5% of the 1000 flow
profile and swirl is less than two degrees. Experience shows that the swirl figures are difficult
to achieve and have a considerable effect on the meters' performance.

In the last decade interest was generated by work done in Europe and the USA when people
began to realise that plate conditioners being developed by Laws and NEL in the UK, K-Iab in
Norway, Gallagher in the USA and others have all been shown to work to varying degrees. All
the rules that apply to dry gas with respect to developed flow profiles and swirl are equally
applicable to wet gas.

•
The Dawn installation is a short metering skid with Ultrasonic Gas flow meters and upstream
flow conditioners. We took the skid to BG's test site at Bishop Auckland for flow testing with
and without the conditioners to demonstrate that the conditioners developed a good flow
profile.

The results were reported in Reference [2].

However once we got to site, we found that the picture was somewhat different ... some
interesting flow profiles were observed ... most were fully developed and a few were skewed.
Figure 3 shows a normal and a skewed profile. When the conditioner was removed it was
found that some of the perforations were fully or partially blocked with hydrates, giving rise to
the unusual profile.

We knew later that the DP across the conditioner was about 10 psi with an operating pressure
of 300 psig, which is well within the hydrate range so the presence of hydrates should have
been expected. •
It is not advocated that flow conditioners be installed in a wet gas environment ...
unless It is absolutely sure that hydrates cannot be fonned or hydrate inhibitors are to
be used as a matter of course.

3.2 Hydrates

Hydrocarbon gases containing free water can at certain pressures and temperatures form
"lee" plugs - hydrates. This problem can be suppressed or removed by one or a combination
of the following ... but remember that its always easier to engineer the problem out at the start
rather than try to retrofit solutions afterwards.

1. Operate above the hydrate point on the pressure/temperature curve for the gas. From
Figure 4, which is a typical hydrocarbon hydrate curve, it is seen that the most
efficient suppression process is to raise the temperature.

2



With wet gas metering there is the risk of liquids accumulating somewhere in the pipework and
being moved towards the meter by the flowing conditions. ..

. • <

• 2. Remove the water ... a difficult solution for wet gas measurement!

3. Hydrate suppression with methanol or glycol. If this is considered always arrange for
the installation of the injection points before start up. In the case of subsea metering,
retrofitting could well be impossible, and the additional costs for the umbilical to
transmit inhibitors may well be prohibitive.

4. Heat tracing is sometimes an effective process and should always be considered in
the design.

3.3 PipeworkConfiguration

Pipework design has always been recognised as important. 'With wet gas it is probably more
so: all the dry gas rules apply plus a few new ones too! It doesn't help to install the meter at a
low point - makes sense doesn't it?

Now consider some of the meter layouts out there in the field.

• Lowered to grade for operator access ... OK for dry gas but then the Design mentality
sticks and we do the same for a wet gas installation creating a low point in the meter
tubes for all those liquids to accumulate.

Pipework slope: sloping the pipework away from the meter may help, provided that the
liquid is effectively drained and not held up so that it will slug towards the meter.

Piping orientation: horizontal or vertical, and if vertical is the flow up or down?

The Ultrasonic Meter Bi Phase JIP has conducted tests with wet gas in vertical pipework for
both up and down flow. t was expected that down flow, with gravity, would be self draining
and easier than up flow. However, preliminary results show that errors are less with up flow,
demonstrating once again the complexity of multiphase flows.

3.4 Liquid Slugs

Typically liquids slugs accumulate in:

production tubing during well shutdowns.

On resuming production a subsea meter may be presented with several hundred feet of
liquid in the production tubing (say 75 cubic feet12M3 of liquids).

subsea pipelines laid on the seafloor.

The seafloor is neither smooth nor flat and pipelines have a series of high-low points
in which liquids accumulate, and are driven towards the pipeline riser.

Liquid removal is also subject to the performance of the separator. For any number of
reasons these may not be as efficient as the Process Engineer would wish especially when
redundant equipment is being reused.

3.5 Gas Composition

•
Regardless of the meter it is important to know the fluid composition through the meter. This
will be required to determine base and line density and for energy determination. How the gas
is sampled is dependent on the system design and the location of an accessible sample point.

3



3.7 Noise •

In cases where a number of fields are tied into a single pipeline the ability to purge the line to
get a representative gas sample may be impossible. The minimal size of the development
may preclude the CAPEX and OPEX of a chromatograph, not that running wet gas through a
chromatograph would do (it) much good. •
3.6 Meter Recovery

Having established that the meter is likely to be subject to hydrates and liquids, it is also likely
to be in a remote spot - either subsea or on an unmanned platform. Knowing this, it is also
essential to establish the failure and recovery mode. Figure 5 shows the recovery of a wet
gas ultrasonic multiphase meter after flooding as tested in the Ultraflow Wet Gas JIP. In one
of the Dawn meters we extracted a falled transducer, which was fractured as a result of
hydrates, but the meter continued working.

When all 4 chords are working the meter stirs the velocity profile and uses that information to
make substitutions when chords fail.

In service we have seen these meters fail and recover many times in a day, with minimal
effect on the overall outcome.

With conventional meters noise from valves is not a problem ... but it really is with an
ultrasonic meter, so resist the temptation to put one near a choke valve or pressure control
station ... experience shows that the USM signals collapse with loss of measurement when
exposed to large pressure drops across a device.

Many of the commercial USM's have filtering, stacking and other sophisticated digital signal
processing that can help improve the signal to noise. However they cannot totally eradicate
noise and loss of signal is often the common result.

It is preferable to place the meter upstream of the noise generator and pipework, fittings,
bends, blind tees between the meter and noise source all help to attenuate the noise. Sharing
the pressure drop across two valves can considerably reduce noise problems, and it is often
much easier to solve these problems in the design stage than by retrofit engineering.

3.8 Metering Results

In late 1995 we commenced gas production and sales. It became apparent that there were
problems being experienced by the Operations staff. •
However, we were not convinced that the problems were all with the meters.

Having been through the problems with liquids it was determined that corrections
needed tobe made to the vertical separator packing trays and a liquid drain tube.
Correcting this removed some of the liquid carry over.

The low temperature (approx. 5 to 10 Celsius) at the meters was addressed by
insulating/heat tracing the hydrocarbon feed line/meter skid.

The local drain line upstream of the skid was converted into a chemical injection point
for additional hydrate suppression.

These modifications improved the meter performance, but failures were still evident and we
could no longer hide any defects behind any apparent process problems as we had done all
we could to improve or eradicate these.

•
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• Monitoring the two meters during late 1995/1996 & early 1997 we found that there were a .
significant number of failures in both meters.

3.8.1 1995/1996/1997 Flow measurement results

The first series of data in late 1995, 1996 and 1997 indicate that whilst the meters were
tracking each other quite well, it was evident that they were failing and recovering.

At this point in time the flow test results from the meters appeared to look good, even
promising and an initial set of results from July 1996 are shown in Figure 6.

However once the process was settled down we had to start looking at the meter reports and
what came back was not so reassuring.

A thirty day period in July 1996 was logged and can be seen in Figures 7 and 8. The spread
looks like +1- 10% with outliers in the +1- 15% range. A form of histogram (Figure a) shows
that about 90% of the measurements are within the +1- 6% range.

• During the production period of 1997 the word coming back was that there were large
numbers of "Warning - Chord Failures" and "Fatal - Chord Failures". "Warning" was to
announce a single chord failure, not in itself a calamitous event as the signal processing is
able to cater for this until the chord recovers. "Fatal" was to announce that all 4 chords had
failed, which is far more serious and could lead to exceptional errors. D-Chord failures are not
all bad, as they indicate the presence of liquids.

Figure 9 shows the chord failures recorded during a 20 day period in February 1997 attributed
to the two meters. Meter 2 appeared to be worse with significantly more failures than meter 1.

Once Meter 2 was modified (see Section 4) chord failures reduced significantly. Figure 10
shows the chord failures recorded in a similar period in February 1998 and Figure 11 is
Figures 9 and 10 superimposed. The reduction is from an average of 10 per day to less than
4 chord failures per day.

4 MODIFICATIONS

Following discussions with the Operating Group and Daniels it was agreed that the "Bad"
meter (2) would be modified during the zero nomination period (summer) of 1997 ready for
1998.• The original British Gas Ultrasonic Meter was designed for clean dry sales gas. The main
practical feature of the design to fail in wet gas was the small clearance between the
transducer (1 1/a" Dia.) and port (1 %" Dia.). This 1/16" (1.6 mm) radial clearance is very
easily bridged by liquids, which causes acoustic coupling to the steel meter body and noise to
appear in the received signals.

It is quite easy to cure the problem by increasing the clearance to %", making the port Dia. = 1
1/8 + Yz = 1 5/8". Unfortunately, this is not possible with 6" and a" meters because the ports
on the outer chords break through the pipe bore and leave a trap that fills with liquid. The only
possibility with these small meters is to reduce the transducer size. Keeping a %" clearance
from the 1 %" port gives a 1 % - Yz = %" (19 mm) diameter transducer.

The Ultraflow specification for the %" transducer was:

Pressure
Temperature
Liquid
Corrosion

10t0180bar
-10 to 150°C
< 1% volume fraction
< 2% H2S•



treating the crystal as a piston, it has !4of the area and !4 of the power

with a speed of sound = 400 mls and a frequency = 120 kHz, the wave length in gas is
about 3.3 mm. The beam from the 20 mm crystal will spread with an half angle of 10°
while the 10 mm crystal will spread at 20°, further dispersing the energy.

the shim is yet another interface between crystal, epoxy and gas, incurring more
transmission losses

the possibility of the shim delaminating is a potential hazard, which would lead to
complete loss of signal.

•

This proved very difficult to achieve and in hindsight was over ambitious! We probably threw
out some good ideas because they did not meet all our criteria. To meet the severe corrosion
conditions, the transducer was built into a sealed Hasteloy can. This led to two other major
problems: •

1. It is difficult to manufacture.

2. It is prone to acoustic coupling with the steel body.

Eventually a compromise was reached, see Figure 15:

a PEEK acoustic isolator was used to connect the transducer to the flange

'0' rings were used to seal against corrosive gases

the epoxy matching layer was protected with a thin metal shim

The small wet gas transducer used a 10 mm Dia. Piezoelectric crystal compared with the
standard 20 mm crystal, leading to considerable losses:

Many of these shortcomings were unfortunately realised during the field trials, hence the
decision to revert to standard transducers, with a few changes:

the acoustic isolation between transducer and flange was improved, to make it harder
to couple the transducer to the body

the system improvements reduced the liquid content of the gas

most liquid problems were with the bottom [N:hord in the horizontal layout

loss of the D-chord did not cause Significant errors, due to the substitution algorithm

the O-chord recovers after flooding •
On the basis of these considerations, the bad Dawn meter (2) was upgraded to the almost
standard transducers. It has showed considerable improvement in performance, and meter
(1) has been upgraded this summer and is ready for use offshore.

5 POST MODIFICATIONRESULTS(1998)

Figures 12 and 13 show the flow test results for a 20 day' period in February 1998. This is with
the old "bad" meter (2) replaced with "standard" transducers and the old Ugood" meter (1).
The plots show the discrepancy in percent terms between the two meters and Figure 14 is a
histogram of the discrepancies.

As can be seen from Figure 12, the hourly data over 20 days is very tight around +/- 1% with
only a few outliers. There is one at +15% which accounts for the day when 11 chord failures
occurred. On the daily data comparison (Figure13) the error between the two meters does not
exceeds +/-1%. •
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In addition the histogram of all hourly data shows 91.2% of all measurements are within
+/-1%.

6 CONCLUSIONS
The modifications put in place in the process improved the primary metering results. The
1998 results are much improved from a band of +/- 6%, to +/- 1% which is very satisfactory for
a wet gas meter.

The 1996 hourly data (390 points in total) has a flat histogram with around 90% of the results
within +/- 6%, whilst the 1998 hourly data (460 points in total) has a normal histogram and
shows that 91.2% is within +/- 1%.

However it must be stressed that the transducer alone did not effect a cure, good system
design is essential:

avoid low points for the meter

ensure self draining, by gravity

do not make flow and gravity fight one another

avoid hydrate formation

It is expected that the modifications installed for 1998/1999 will improve matters even further.

Remember to think wet gas at the design stage and avoid expensive corrective action
in the field.

If you have to go wet gas metering ... 'read the Standards •.. but do not follow them
slavishly. Use your brain .•• its as good as anyone else's .... especially those of the
guys who write the Standardsll
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Typical Hydrate Curve for Stream Gas
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Dawn Wet Gas Metering
Discrepancy between meter 1 & 2 when flowed in series

800

M~11
Meter 2 i
----.- i

600 f-

400

a - - - ---
•

-400

Time base v one month, July 1996
Figure 6

Dawn Wet Gas Metering
Discrepancy between Meter 1 & 1 wben in series Dow

15

=- 10c
CDe 5CD

C1.-t- O
c
I -5eu
J!! -10C • ••-15

Time Base· One Month· July 1996
Figure 7

11



50

40

30

20

10

o
A B

Dawn Wet Gas Metering
Distribution of Meter Discrepancies ~July 1996

C D E F G H J K L M N P Q
A>-IO%.B 10 F -10 to -I%.G to K +/-I%.L to Q + I 1010%, R>+10%

D to N represents a spread of +/-6% which ill 90.1% of all measurements
Hourly Measurement data. total measurements = 376points

Figure 8

...... ~...... --;-

'." '", -

cawn Meter - Chord Failures in February 1997

(I)e
.2
"co
LL

"E
o

.t=o

120
100
80
60
40

20

o

-----------------------~----i
!

1997 fails---
1 9 11 13 15 17 19

10 12 14 16 18 20
3

2 4
5 7

6 8
First 20 Days in February

Figure 9

12

R

•

•

•

•



•

•

Dawn Meter - Chord Failures in 1998
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• 16th NORTH SEA FLOW MEASUREMENT WORKSHOP 1998

MULTIPHASE METERING - THE CHALLENGE OF IMPLEMENTATION

Mr A.W. Jamieson, Shell U.K. Exploration and Production

1 INTRODUCTION

•

"Multiphase flow measurement" is a term that has been increasingly heard since about 1980
amongst operators in oil companies and designers of oilfield facilities. For some, it promised
measurement capabilities under new and trying conditions. They saw a need to simplify the
design and improve the control of production facilities. They considered that, unless
multiphase measurement techniques were improved, it would be virtually impossible to know
what was happening in the advanced subsea systems or on the unmanned satellite platforms
that were being planned. In addition they could not see how future enhanced oil recovery
systems could be operated effectively without these measurements. For others, multi phase
flow measurement was less appealing. They envisaged even more intricate measuring
systems, which would be difficult to maintain, and which would only complicate the design and
operation of the facilities - without producing a single extra barrel of oil.

It is now clear that the first view is being confirmed. After a long gestation period, reflecting the
technical difficulties involved, multiphase meters with adequate performance for selected
applications are now commercially available. Oil companies are keen to deploy them. At
present Shell Expro has operational multiphase meters on four facilities in the North Sea and
can show savings in capital expenditure of about £40 million through their use. The second
view must not be ignored however. As multiphase meters are deployed in our operations
unexpected difficulties will appear, as with any new technology. If these are not addressed
promptly and effectively, multiphase metering will get a bad name, operator confidence will be
lost and full implementation of the technology could easily be delayed for, say, five to ten
years.

Multiphase flow measurement is not new. Indeed, such measurements are made routinely at
most production facilities: a test separator combined with its instrumentation. in fact forms a
multiphase flowmeter. What is new is the changed attitude towards these measurements. Oil
companies have decided on detailed requirements for such measurements, and together with
scientifiC and industrial instrumentation specialists are working towards satisfactory multi-
disciplinary solutions for specific applications. The long-term aim is a low cost multiphase
meter per well.

Shell Expro has been proactive in the development of this technology, supporting development
at Shell laboratories, Universities, and in Joint Industry Projects. The areas of application are
varied and include wet gas metering, well testing, optimising production to delay abandonment.
and allocation metering. The biggest savings come when it is possible to deploy subsea
meters and performance is good enough to allocate production to third parties. By 2010 Capex
savings totalling £180-280 million should have been made. Large savings in operating costs
over field lifetimes should also be achieved.

None of this will happen by itseH. Currently expertise in multiphase flow measurement resides
in a few specialists in oil companies, manufacturers and testing laboratories. Know-how must
be transferred to project teams, metering consultants; design contractors and operating staff
before this technique can realise its full potential.

In this paper, I will outline the types of multiphase meters now available to the oil industry and
consider a variety of applications. 1 think that this is the best way of illustrating the challenges
that face the oil industry in implementing multiphase metering in a reasonable time scale, and
also of illustrating the opportunities that multiphase metering will continue to open up for well
into the new millennium.
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2 OVERVIEW OF MULTIPHASE METERING •The oil industry began to take a serious interest in developing multiphase meters around 1980.
The problem is simple to state: we want to obtain the gas. oil, and water volume flowrates at
line conditions. (At present there is a strong preference for volume rather than mass flowrates,
but this preference may change.) These are the measurements that are in principle obtainable
from a test separator, the oldest type of multiphase meter. Today I would identify four general
approaches to multiphase metering. all of which are being actively developed and are being
applied in the field.

Compact separation systems

These devices perform a rough separation of the well flow into liquid and gas streams. These
are then metered using meters that can tolerate small amounts of the other phase. The liquid
must be further split up into oil and water. These systems are being applied worldwide. but are
bulky and do not bring the full benefits of multiphase metering with them. Typical cost £100 -
200k.

Phase fraction and velocity measurement

These meters attempt to identify the fractions of oil, water and gas and measure the phase
velocities. which are not usually the same. In practice manufacturers try to condition the flow
so that the phase velocities are Similar, and the differences in velocity are corrected using
multiphase and slip models. Most of the multiphase meters deployed in the North Sea are of
this type. Typical cost £100 - 200k surface, £200 - 400k subsea.

•
Tracers

Multiphase flow is measured by injecting at known rates tracers (e.g. fluorescent dyes) that mix
with the individual phases. By analysing a sample of the multiphase fluid taken sufficiently far
downstream of the injection point, and combining this with the injection rate, the individual
flows can be determined. Currently tracers are only available for oil and water. The technique
is particularly suited for wet gas measurement. Costs are closely related to day rate for work
and hire of equipment, say £1500 per day.

Pattern recognition

These systems are characterised by their use of simple sensors combined with complex signal
processing. Potentially they offer the cheapest hardware combined with the highest metering
performance. A major benefit from this approach will be targeting low cost solutions for
specific applications. Cost is more variable. but within the range £20 - 60k. depending on the
number and type of sensors used.

I believe that any multiphase meter can be fitted without much difficulty into one of these four
categories or a combination of them. This is not to say that multiphase metering is now a
mature technology and that there will only be minor improvements. Quite the reverse. I think a
useful comparison can be made with the development of the motor car. The modem car is
clearly Similar to cars of 100 years ago. There were no fundamental breakthroughs in
knowledge required to transform the car of then to what we have now, but unquestionably there
has been enormous development and improvement.

The pattern recognition approach is the least familiar and most mysterious approach to
multiphase metering for most people. Yet the operator who puts his ear to a pipe to listen to
the flow, or who feels the temperature of a pipe to judge whether there is a flow inside it is
practising a crude form of flow measurement by pattem recognition. It is therefore worthwhile
pointing out some of the general features of this approach that distinguish it from the other
approaches to multiphase metering. As an example, the pattern recognition meter described in
the paper by Toral et al [1] presented at this \NOrkshop uses differential pressure, pressure,
capacitance and conductance sensors to sense relatively fast (approx. 25 - 500Hz) fluctuations
in the multiphase flow. The signals from sensors used in most metering applications are
damped to reduce noise and give a good average value of the measured parameter. In the •2



• pattern recognition approach the fluctuations are what is important, and the average value may
not be used at all. An analysis is carried out of the amplitude and frequency fluctuations of the
sensor signals and a large number of '1eatures" are calculated. These characterise various
aspects of the signal. Thus each sensor, instead of generating only one parameter, can
generate perhaps thirty '1eatures".

In principle we can write an equation for each '1eature" in terms of the unknown oil, water and
gas flow rates. This means that for the meter referred to above which has five sensors, we can
write perhaps 150 independent simultaneous equations in terms of the oil, water and gas flow
rates. In an ideal \/IIOrldone could hope to find a feature that responded only to oil, another to
water and a third to gas. So far, nature does not appear to be so kind and practical methods
have to be used to solve this complicated mathematical problem. In the meter above a feature
saliency test is used to find the most significant features and then neural networks are used to
calculate the oil, water and gas flowrates. Other mathematical techniques could have been
used, however. The essential point is that the fast fluctuations in multiphase flow carry most of
the information. By using heavily dampea sensors ihe iine detail is lest ~·.~ththe consequence
that multiphase meters using heavily damped sensors are unlikely to achieve high accuracies.
Using fast sensors and pattern recognition signal processing, virtually unlimited accuracy
should be possible, but one is faced with the difficulty of providing highly accurate calibration
data for the meter. I believe that it is practical to achieve relative accuracies per phase of 5%
by 2005, and 1 - 2%, near fiscal quality, in certain applications by 2010.

3 THE MULTIPHASE TRIANGLE

The biggest obstacle to the successful implementation of multiphase metering is the general
Jack of understanding of what it is about. It is difficult to explain simply why multiphase
metering is so complex. When discussing multiphase metering with colleagues \/IIOrkingon
prospect development, the general expectation they seem to have is that there can be a
universal multiphase meter that can measure all three phases to high accuracy simultaneously
over a wide range of flowrates. different for each phase. They tend to assume that
measurements from test or production separators are of relatively high quality, because
measurements have been made that way for a long time.

Various ways have been proposed to show how the multiphase flow characteristics of a well or
a field change with time, and to show the operating envelopes of multiphase meters. The most
useful I have found are the plots of application multiphase flow and meter envelopes on a two
phase plot of liquid flowrate against gas flowrate, Fig. 1, and a plot of, application watercut
against gas volume fraction, Fig. 2 [2,3,4].
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The vertices of the triangle represent single-phase gas, oil and water, while the sides represent
two phase mixtures and any point within the triangle represents a unique three-phase mixture.
The transition region indicates where the liquid fraction changes from water-in-oil to oil-in-
water. The ranges of common multiphase flow regimes, which are affected by temperature,
pressure, viscosity and flowline orientation, are indicated at the side of the triangle.

Most of the work over the last two decades has concentrated on developing two-phase meters
i.e. oil/gas. New advances in measuring three-phase flow allow us to operate over a larger
fraction of the triangle.

A former colleague, Rob Smeenk, proposed this approach in the early 1980's. At that time the
triangle was quite bare. We could only measure single-phase flow of oil, water and gas; we
could also measure part of the way along the oil-water line. A real indicator of the progress that
has been made since then is the detail that has been added to the triangle.

It is easy to use the triangle to show why multiphase metering is complex. If we have difficulty
with the single phases, which are so obviously different from each other, we can expect
measurement to be at least as difficult for any multiphase composition in the triangle. We have
to add to that the complexity from the flow regimes. Flow regime maps have been determined
by subjective observation in laboratory testloops, almost always for two-phase mixtures, say
oil-gas or water-gas. These maps vary for temperature, pressure, viscosity, pipe orientation.
There have been only a few attempts to make three phase flow regime maps, and these are
very complex. •

Such plots are essential when planning to install a multiphase meter, but they do not give the
uninitiated person a grasp of how a specific application fits into the whole multiphase picture.

I have found that in explaining multiphase flow, the "Multiphase Triangle", Fig. 3, is more useful
and more readily understood than Fig. 2 above. It is an approach commonly used in other
disciplines for displaying properties of three component mixtures.

•
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• This means that it is .not practical to predict the performance of multiphase meters from first
principles and that detailed empirical testing will be needed. Obviously, the higher the
performance demanded from the meter, the better the test facilities need to be. In time, when
enough applications have been examined we should be able to see generalities, but for the
next few years at least each application will need to be treated on its own merits.

4 APPLICATIONS

I have shown applications that lie in different regions of the triangle. Discussion of these in turn
shows how we can build on experience from one application to tackle a more difficult one, and
why it is wise not to try to install a multiphase meter in too difficult an application.

Application 1 in Fig. 3 is topsides wet gas metering, using venturi meters, with about 1% by
volume of liquid at operating conditions. The corrections to gas flow because of the liquid are
derived from a test separator. This is a high quality measurement: the accuracy claimed is
about 1.5%.

•
Application 2 is a gas condensate field with about 2% by volume of liquid, so it is similar to
Application 1. To be economically viable, it will probably be developed as a subsea
installation. This precludes the use of a test separator. Initially metering is required for well
testing for reservoir management, but later in field life may need to be used for third party
allocation. Subsea tracer injection to determine the liquid/gas ratio is a possibility, or using the
fact that pressure recovery of a venturi meter is related to the liquid/gas ratio. Pattern
recognition techniques are also likely to be suitable. In any case, special studies will be
required for the initial application, and even more for third party allocation.

Application 3 is another gas condensate field, with about 10% by volume of liquid. Again, to be
economically viable, this field will probably have to be developed subsea. It is obviously more
difficult to use wet gas metering, but limited studies to date indicate this is probably feasible.
Again, the initial application will be reservoir management, but there may be need to meter for
third party allocation later in field life.

These three applications illustrate the progression of wet gas metering from dry gas to about
100;.;.liquid, or 90% Gas Volume Fraction (GVF). Compact separators are also practical in high
GVF applications, albeit not in Shell Expro's circumstances. Moreover, the phase fraction and
velocity measurement approach, which was originally targeted at 50-60% GVF, has been
extended to GVFs of over 90% in special circumstances, so that I think it is now best to treat
wet gas metering simply as an important subset of multiphase metering.

Application 4 is a very long subsea tieback, with a multiphase meter required for well testing
and reservoir management. The well will be natural drive throughout its life, so the reservoir
engineers expect hardly any water. This will most likely be Shell Expro's first subsea
multiphase meter, and from the multiphase triangle it is easy to see why this is an ideal first
application. We only have to measure two phase flow, and have the capability of detecting
water breakthrough should it happen. We could do that ten years ago, so from the
measurement point of view we can be confident that we can make that measurement subsea.
The stiffer challenge is in getting the operational aspects of the installation right to minimise the
need for expensive maintenance.

Application 5 is unusual in that it is to measure the water/gas mixture produced in the
depressurising of a reservoir. The accuracy required for this two-phase measurement is about
10%, but equipment must be low cost. Again, we know that this measurement can be done by
a variety of equipment, As with all multiphase metering, it is not a trivial matter to get it right.

Applications 6 and 8 are subsea tiebacks to a floating production installation where there is a
multiphase meter for well testing instead of a test separator. The trajectories followed by these
wells across the multiphase triangle show how the small reservoirs being developed in the
North Sea today decline rapidly to water.

Application 7 is on an old field, where there is no test separator and well testing had to be done
by deferring about £800,000 'NOrthof production each year. If one can reduce this deferment, it
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is evident that this will help in delaying abandonment. The measurement had to be low cost,
and a pattern recognition approach is being evaluated. •

I have also included two other fairly general areas of application. In Oman, there are many
low-pressure wells with no gas at wellhead conditions, and so are two phase oil-water mixtures.
These are tested using Coriolis meters, with the density measurement used to determine the oil
and water flowrates.

Well engineers are consldennq downhole multiphase metering, especially for multilateral wells
where there is a need for a meter in each branch of the well. To me, the main advantage in
metering downhole is to suppress the gas fraction and reduce the measurement to an oil/water
measurement. I lNOuldexpect the GVF to be low for this area of application, and the meters
need to be designed accordingly.

In Shell Expro, apart from the high accuracy wet gas meters, we have found it very difficult to
make direct comparisons of the several multiphase meters we have installed with other
metering, usually test or production separators. Without exception, however, the multiphase
meters have shown up deficiencies in traditional separator measurements. From evaluations
carried out in test labs and offshore, I think it is fair to say that several multiphase meters
perform as well as traditional test separators.

5 THE MARKET

With this review of multiphase meter applications I think it is clear that there can be no single
multiphase meter that can satisfy all requirements. This is good news for multiphase meter
manufacturers and developers. Through much of the last t'NO decades, manufacturers and oil
companies have chosen a particular approach and have concentrated on that to the exclusion
of other approaches, hoping that their approach would be .,he winner".

Table 1 ·WELLS WORLD WIDE . (source KOP)

LOCATION NUMBER
AVERAGE PRODUCTION

BBUDAY

USA 572,000 11

Venezuela 15,000 191

Argentina 13,000 57

Canada 47,000 29

Western Europe 6,420 990

Rest of World 251,000 188

The best way to use multiphase meters is to have one per well. Table 1 shows the number of
wells in different regions of the world. There are about one million. Many of these have very
low production rates by North Sea standards, but I suggest that a modest target would be for
the oil industry to install multiphase meters on 1% of the wells by 2010. That means 10,000
meters, or about 900 a year between now and 2010. I think most of these wells are on land,
and that the meters would be used for well testing. Thus with a relatively modest improvement
in performance multiphase meters can be deployed widely. At an average cost per meter of
£100,000 that is a market of £1 Billion. I think there is room for a few winners in that market.

For the North Sea the picture is different. There are about 1000 wells in the North Sea, and I
suggest that a reasonable target is about 100 multiphase meters by 2010. Most of these would
be subsea for well testing or third party allocation, and will therefore cost more, sayan average

6
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of £200,000, giving a market of only some £20 Million, less than £2 Million a year between now
and 2010.

6 THE FUTUREOF MULTIPHASE METERING

We in the countries around the North Sea like to think we are leading the development of
multiphase meters. We have set challenging targets for multi phase meter performance, but it
is evident that the North Sea market for multiphase meters is not big enough for manufacturers
on their own to develop, say, multiphase meters for third party allocation. For Shell Expro, if
the performance of multiphase meters stops at "well testing" standard, we will not require many
multiphase meters topsides or subsea, but neither will we get the benefits from using them.
Clearly for the North Sea operators there is a major challenge to improve the performance of
multiphase meters significantly over, say, a five-year period.

There is little appreciation of the time it takes to develop and test multiphase meters. Last year
I made what Was intended to be an upbeat presentation to colleagues working on new
developments, and told them that we could reasonably expect to develop multiphase meters
for third party allocation by 2005. Their response was that they already needed that quality of
performance for projects they were working on and that they could not wait for that length of
time.

From the testing we have done on multiphase meters offshore, and what I have seen done by
other companies, I believe that it is impractical to verify the performance of multiphase meters
offshore to high standards except in very exceptional circumstances. Valves on test separators
or on production manifolds frequently pass sufficiently to make detailed verifications
Impossible. It is often difficult to maintain stable operation of separators to allow detailed
comparison. To put it simply, if we have the facilities to carry out such verification, we probably
don't need to install a multiphase meter.

The consequences of this are that most of the testing to show that a multiphase meter has a
high performance will have to be done at special test facilities that can simulate realistic
operational conditions. There are one or two facilities that may be suitable, but they are
unlikely to be able to cover the likely range of flow conditions. It is unlikely that tests done on
current laboratory test loops will be sufficiently convincing.

7 CONCLUSIONS

Multiphase metering is at the stage of development where oil companies can deploy them to
bring large benefits:

Multiphase meters are now being applied successfully by a number of companies. Apart from
the obvious financial benefits, they allow operators and reservoir engineers to monitor oil and
gas production in ways not possible before, thus aiding production optimisation. In the long
term, this will probably be the biggest benefit from the use of multiphase metering.

Existing multiphase meters or indeed any multiphase meter likely to be developed can be fitted
into one or a combination of the four approaches currently used in multiphase metering. These
approaches offer different levels of technical complexity and require different levels of
understanding. Operating companies can therefore choose a multiphase metering system
suited to their specific needs.

Enough development and testing has now been done to show that high performance
multiphase meters for third party allocation and for near fiscal measurement are practical, and
that their realisation need not be too far off. In this respect the pattern recognition approach, on
its own or in combination with the hardware from the other approaches is most relevant.

The potential market world wide for multiphase metering systems is very large. No single type
of meter or metering approach can hope to cover all applications. Although we can expect that
some manufacturers will withdraw, others may enter the market. There is clearly room for
several suppliers .

•
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However:

Multiphase metering systems are most certainly not "fit and forget" equipment in their present •
state of development. They should only be deployed where there are clear financial benefits
and where there is real commitment to making them work.

Widespread implementation of multiphase metering cannot take place until expertise is spread
more widely throughout the oil industry. Most of the expertise in multiphase metering is held by
specialists in oil companies, by developers and by manufacturers. Metering consultants and
facility desJgn houses are slowly beginning to build their expertise.

Multiphase metering is a complex subject. It is important to develop ways to explain the
complexities in a readily understandable way. The Multiphase Triangle approach appears to be
a useful tool.

The market situation in the North Sea is different to the rest of the world. The technical
requirements for most likely applications are really beyond the capabilities of the products that
manufacturers can reasonably supply at present. The North Sea market for multiphase meters
on its own is unlikely to bring sufficient return on investment for manufacturers to develop the
higher performance meters required in the North Sea.

If North Sea operating companies wish to gain the very large benefits of multiphase metering, •
they will have to provide the financial backing to support the development of higher
performance meters.
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1. INTRODUCTION

The West Brae/Sedgwick joint development in the Brae area of the Central North Sea came
onstream in October 1997 and is currently producing in excess of 35,000 barrels per day. The
joint fleld development comprises a single Sedgwick production well tied back to the West
Brae subsea manifold, where commingled flow is piped to the Marathon operated Brae 'A'
platform. There, Sedgwick and West Brae fluids are processed for onward transportation
through the Brae and Forties pipeline systems. Under the terms of the Joint Development
Agreement, production is allocated 67.5 per cent to the Brae Group and 32.5 per cent to the
Sedgwick Group

This paper outlines the development of the project and discusses in detail the performance of
the Framo subsea multiphase meter both in terms of its long term repeatability and in terms of
its accuracy when compared with the host platforms measurement systems.

2. THE WEST BRAE/SEDGWICK FIELDS AND INFRASTRUCTURE

The West Brae/Sedgwick fields are just two of 20 fields that use the Brae area infrastructure.
This is based on three platforms interconnected by gas and oil pipelines and an electricity ring
main system to provide processing and export routes for oil to the Forties system and gas to
the SAGE system.

•
2.1. West Brae/Sedgwickfields

The West Brae/Sedgwick fields are located 160 miles North-Northeast of Aberdeen in 350
feet of water and are comprised of two hydrocarbon bearing sands, the Balder and the under
lying Flugga. Sedgwick is located in a block adjacent to West Brae and was initially thought to
contain a separate accumulation from West Brae. However subsequent drilling has shown
that continuity exists at least in the Balder horizon.

Both the Balder and the Ftugga are turbidite deposits composed of well sorted, fine grained
sands with permeability's in the productive areas in excess of 2000 millidarcies. The Balder is
a saturated system with an extensive gas cap overlying the West Brae portion of the field.
Water is being injected into the Balder.

The field is drained using horizontal wells with a horizontal section of up to 3000'. The
reservoir sand is not competent and sand control is achieved by the use of a sand screen.

•

Fluid properties are:

• Oil density 890 kg/m3 (27.5 API)
• gas-Oil-ratios (GOR) 250 scf/stb
• In situ oil viscosity's are 3 to 5 centipoise.

At the seabed where the multiphase meter is situated additional fluid parameters are:

• Gas Volume Fraction (GVF) 0.4 to 0.6
• Water Fraction (SSW) 0 rising through field life to in excess of 90%

Recoverable reserves are estimated to be 40 mmstb.
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2.2. West Brae/Sedgwick Infrastructure •
Fig 1 West BraelSedgwick Infrastructure
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•
Figure 1 shows the West Brae/Sedgwick Infrastructure, a small part of the Brae area
infrastructure. The West Brae/Sedgwick fields are developed using a subsea manifold and
well cluster arrangement. The field is essentially ROV friendly but the well tie-ins and any
future choke changes require diver intervention. The subsea multiphase flow meter was
chosen late in the design of the West Brae/Sedgwick manifold and although the device is of
the ROV retrievable type, electrical connections and plating on the manifold would
necessitate diver intervention.

The fields are tied back to host platform (Brae Alpha) which is B.B km from the West Brae
Manifold. The Sedgwick extension is approximately 2.2 km from the manifold. Gas lift is
supplied from Brae Alpha. Water injection and service line facilities are supported from
another subsea field (Central Brae) which is approximately 6.2 km from the West
Brae/Sedgwick manifold.

3. HOST PLATFORM MEASUREMENT SYSTEMS

Although the Brae A host platform handles numerous fluids from Brae and third party fields,
the West Brae/Sedgwick fields have a dedicated process train with full instrumentation.
These facilities are described in the following paragraphs.

2



Gas metering off the separators
consists of orifice metering with
P,T,Z corrections. These
corrections, in addition to ISO
5167 equations, are performed
on a continuous basis by the
platforms process monitoring

ISO 5167 straight length requirements are not fully met.

Riser base lift gas, the only lift gas system commissioned, is used to minimise slugging and
improve start up. It is measured in an identical manner to the separator off gas.

Oil metering is performed by an ultrasonic metering tube at the outlet of the booster pump.
The tube contains a Danfoss dual path ultrasonic meter and pressure and temperature
transducers. A dedicated fiscal standard flow computer continuously computes flow at
standard conditions. An identical installation is to be found on the process train handling
South and Central Brae production before the two flows are combined and metered by a fiscal
export metering package with 4 inch turbine meters and dedicated prover. Typical uncertainty
for this later type of fiscal metering is +/-0.25%. Entrained water in the oil is determined by
spot samples at the booster pumps and by flpw proportional sampling at the fiscal metering.

Water metering from the separators will be by ultrasonic meters to be commissioned when
flows become sufficient to measure.

Data produced by the platform instrumentation is gathered by the platforms process
monitoring computer. Instruments are scanned at 30 sec to 1 minute intervals. All data
presented in this paper are based on 12 minute averages of these readings.

3.2. Host Platfonn: Perfonnance of Instrumentation

No detailed assessment of the process instrumentation uncertainty is presented. However the
oil metering, due to its close proximity to a dedicated fiscal metering package, can be
assumed to have an accuracy of +1- 1%. The gas metering on the other hand is assessed as
having only a +1-10% accuracy. The following graphs (taken on a typical day) and discussion
are made in support of these claimed accuracy's.

Figure 3 below shows the percentage difference between the liquid quantities measured by
the sum of the two ultrasonic meters and the fiscal export meters.

3.1. Host Platform: Separation and Instrumentation

Fig 2. West Brae/Sedgwick - Simplified Platform Flow
Diagram
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The West Brae/Sedgwick
process train on the Brae A
platform (Figure 2) has a two
stage separation, with an
intermediate electrostatic water
separator and oil heater (not
shown) to break emulsions
anticipated from the fields. The
first stage separator is sized to
act as a slug catcher.
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The variations in the twelve minute average data points are largely caused by the surging
within the process trains and associated pipework. The average difference over the day of
1.3% is typical of the daily balance that has remained within the range 1.1% to 1.5% since
start-up. The Oanfoss meters were calibrated on water during factory acceptance tests and
are still using their original calibrations with no adjustments. Furthermore, during periods
when one of the process trains has been shut in, the balance has remained stable indicating
that both ultrasonic meters have the same bias. When, later in this report, a comparison is
made between the Framo multiphase meter and the platform ultrasonic liquid meters, account
is taken of this bias by reducing the ultrasonic meter reading by the bias relevant for the period
of the comparison.
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OVF+WVF+GVF = 1 (3)

• Figure 4 shows the platform measured gas rates over the same twenty four hour period as
Figure 3.

The period was chosen to show the effect of riser lift gas on calculated net gas production
from West Brae/Sedgwick as riser lift gas rates varied. The calculated net reservoir gas is
the sum of the two separator off gas measurements minus the riser lift gas measurement. It
can be seen from the graph that the effect of changes in lift gas rate on the calculated net gas
are effectively compensated for, allowing the calculated net reservoir gas to be compared with
the gas metered by the multiphase meter.

4. FRAMO SUBSEAMULTIPHASE METER

The Framo subsea multiphase meter has been working continuously and reliably since first
installed in October 1997. The fluid parameters used in the meter were entered before start-
up and were based on exploration data. This data has proved to reasonably reflect that seen
during actual production. The Framo meter is capable of using individual data sets for wells
with different fluid properties but recorded fluid data to date has shown no variations on a well
basis that has necessitated the use of this facility.

Initially the meter was grossly over responsive to the presence of water. This was traced to
an erroneous value of the water mass attenuation coefficient, Jiw, set into the meter's software
and was corrected some 25 days after commissioning.

The meter's instrumentation was calibrated at the factory prior to delivery and. apart from the
correction of the erroneous water mass attenuation coefficient, no onstream adjustments or
"calibrations" have been performed.

4.1. Principle of Operation

The Framo meter relies on three principal equations:

• The equation of flow through a differential pressure device

(1)

• The equation relating the dependence of gamma ray attenuation upon fluid mass
attenuation coefficients. For a three phase fluid this equation is:

N = N e-x(,u"p.OIP)+(p,.p.WVF)+(p,p,GYF))
o

(2)

• The equation ensuring that the three volume fractions sum to 1, i.e.

The Framo meter· uses a dual energy gamma radiation source and therefore two forms of
Equation (2) are established and, in conjunction with Equation (3), are solved simultaneously
to give oil, gas and water fractions OVF,GVF and V'NF.

Having established volume fractions a mixture density is calculated for use in Equation (1) to
determine the volume flow at metering conditions.

•
Constants used in the above equations are based on the configuration of the instrument
(physical dimensions), and the characterisation of the three fluid components in terms of
density and mass attenuation coefficient. For water this latter coefficient is predominantly a
function of salinity .

5



The fluid rates for the three phases measured by the multiphase meter are at metering
conditions. For a true comparison with platform measurements three corrections have to be
made, viz.

• A correction to allow for the fact that at platform separator conditions some of the liquid
will be evolved as gas (liquid shrinkage) ;

• A correction to convert fluids metered subsea to standard conditions of pressure and
temperature (1 bara and 15°C) as used by the host platform metering systems, and;

• A correction to allow for the fact that wells manifolded to the subsea meter experience an
increased back pressure and resultant drop in flow rate when compared with when they
are manifolded directly to the flow-line.

A liquid shrinkage factor was obtained by using the process simulation software HYSIMTM.
The simulation was fed by a well stream analysis based on extensive fluid sampling and
analysis. Fluid components analysed included N2, C02, C1, C2, C3, iC4, nC4, iC5, nC5. The
hexane plus was characterised in weight percents by a 16 cut distillation analysis with cut
properties of density and molecular weight determined. A liquid shrinkage factor of 0.96 by
volume and a corresponding gas factor of 1.36 were obtained from the simulation. These
factors have been used to correct the rates measured by the multiphase meter and allow a
direct comparison with the host platform flow measurements. •

4.2. Conversion of Measured Fluid Rates to Platfonn Conditions •

Normally the West Brae/Sedgwick wells are routed on an approximately weekly basis through
the Subsea meter while the remaining wells continue to flow straight from the well to the
12 inch flow-line and on to the host platform for that week. Wells are never started while
manifolded to the multiphase meter to avoid possible hydrate damage. When a well is routed
to the subsea meter test manifold the back pressure on the well increases causing the flowing
bottom hole pressure, as measured by·down hole gauges, to rise by 0.1 to 2.2 psi depending
on the well and flow rate. From a knowledge of the productivity indices of the wells a good
estimate of the reduction in flow rate seen by the meter when compared with the host platform
measurement has been calculated and corrected for in the comparison recorded below. The
reduction in flow rate when a well is routed through the subsea test manifold is estimated to
be 3% on average.

5. COMPARISON OF SUBSEA METER WITH HOST PLATFORM MEASUREMENTS

It would have been ideal to have a dedicated test flow-line from the subsea flow meter to a
dedicated test separator on the platform to create a comparison. However, this would have
defeated the cost saving intent of installing the subsea meter in the first place. West
Brae/Sedgwick wells have been quite stable and therefore the comparison made in this
section, between the host platform measurements and the sum of the subsea meter's
individual well measurements, is a useful comparison in the absence of the ideal situation.

•
In order to try and form a comparison between the subsea multiphase meter and the host
platform measurements the platform staff were instructed to put each of the four West

....Brae/Sedgwick wells through the subsea meter over a twenty four hour when the platform
process was stable. Except for this instruction the day may be considered to be selected at
random and the readings from the platform instrumentation and the subsea meter as typical of
the type of data received.

•6
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• 5.1. Comparison of Oil Rates

Fig 5 Comparislon of 011 Rates between Host Platform and Multlphaae Meter
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•
Figure 5 shows the oil flow rates of the individual wells being sequentially put through the
multiphase meter for approximately 6 hour periods. Each well can be seen to be steady in
rate. The sum of each well average rate while in the multiphase meter is represented by the
straight line with +/- 5% dotted deviation limits. The varying platform oil rate over the period is
shown. The daily averaqe of the platform oil rate can be judged to be well within 5.0% of the
daily average of the multiphase meter.

In the graph the average rate for the sum of the wells through the multiphase meter has been
corrected for the effects noted in Section 4.2, while the platform rate has been corrected for
the bias in the ultrasonic meter referred to in Section 3.2 and also for an average water cut
measured during the day.

•
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5.2. Comparison of Gas Rates

Fig B Comparison of Gas 011Ratios (GOR) between Host Platform and Multlph.. e Meter •~~------------------------------------------------------------~
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Figure 6 shows the individual wen Gas Oil Ratio's (GaR's) as each well is cycled through the
'rnultlphase meter over the twenty four hour period. Also shown is the host platforms
measured GOR. During an approximately 4 hour period near the end of the day the riser lift
gas meter became erratic and therefore the host platform data is suspect over this period.

This apparently large difference in GaR as measured by the multiphase meter when
compared with the host platform has not significantly detracted from the usefulness of the
meter as a reservoir tool as its long term repeatability, as discussed in Section 6, appears
remarkably good.

5.3. Comparison of Water Rates

FlO 7 Comptll'.on of Wat8r ContItntII (SSW) between Host Platfonn and Multiph ... Meter
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Figure 7 shows a comparison of the average water content determined by the multiphase
meter with that of the host platform aggregate determined by spot sampling and analysis
through out the day. After the conclusion of the test, and despite trying to ensure that all water
legs from the separators were closed during the test, it was discovered that the coalescer
water leg was slightly open. Therefore flow line samples at the inlet of the slug catcher were
immediately taken and showed a water content of 1.3%. Flow line samples are notoriously
difficult to take and therefore may only be considered as indicative. The multiphase meter
measured a flow weighted average of 4% for the wells over the 24 hour period.

5.4. Summaryof Comparison

The comparison in section five may be summarised by the Table below

Figure 8 - Summary of Comparison between Multiphase Meter and Host Platform

The data further down the table incorporates previous corrections above in the Table. The
percentage differences in the table represent: (multiphase meter - host platform meter) I (host
platform meter)",100 and indicate positive when the meter over reads in comparison with the
host platform systems.

The meter is well within the manufacturers claimed accuracy on both oil and water
measurements. The differences found between the multiphase meter and the host platforms
gas measurements are unexplained despite extensive efforts to do so. The manufacturer's
opinion is that the physical principles on wh.ich the meter relies precludes error combinations
of this nature and magnitude. The only other information relevant to this comparison is the
early driUstem samples whose analysis showed a GaR closer to that recorded by the
multiphase meter.

• 6. SUBSEA METER LONG TERM STABILITY AND REPEATIBILITY

The stability and repeatability of the meter has allowed small changes in well fluid rates to be
detected. This is best illustrated by the following graphs and discussion of GaR's over a
period from January to August this year.

Wells W3 and VV2are located in an area of the reservoir that has a common gas cap and are
expected to have a common GOR, as opposed to V1 that is located in an area believed to
have a different gas cap and therefore a different GaR. Figure 9 below shows GaR's
measured by the multiphase meter have indeed the GaR's expected.



Well W1 was noted to have a rising GOR in February this year and the well was choked back.
The resulting response of the well in terms of GOR is shown in Figure 10.
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Overall the wells indicate a slowly declining GOR with time which is being reflected in platform
measurements (Figure 11). Also to be seen in the platform measurements is well W1 's
increased contribution to platform GOR in the FebruarylMarch period.
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Similar data has been recorded for water content where small changes in water content over
time have been recorded by the subsea multiphase meter and subsequently confirmed by
platform measurements.

7. CONCLUSIONS

With this meter two overriding benefits are being obtained in reservoir management.

• the ability to relate changing fluid receipts on the host platform to individual well changes.

• the ability to detect changing individual well behaviour at an early stage while it is
otherwise indiscernible from general variations on the host platform.

To obtain these benefits "repeatability" and "rellabllity" are crucial parameters and to date the
Framo meter seems to have excelled in these areas.

Manufacturers claimed accuracy for oil and water measurement are supported in the range
measured. At this time, and despite extensive efforts, the cause of the difference in gas
measurements is unresolved. The difference is beyond that that can be explained by even the
combined uncertainties of the multiphase and host platforms instruments (Section 5.4 refers).

The decision to install a sub-sea multiphase meter instead of a dedicated test flow line has
been justified. As a result of changing well GOR's and water cuts measured by the
multiphase meter, reservoir decisions have been taken early to optimise production.
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Mr. H. Moestue, Norsk Hydro ASA
Mr. A. Wee, Multi-Fluid ASA

1 SUMMARY

A multiPl:!ase flowmeter (MPFM) has been installed at Norsk Hydro's -Brage platform, for
allocation metering of a well in the Sognefjord formation. Due to limited, and uncertain,
hydrocarbon production potential, an inlet separator with conventional metering could not be
justified for economical reasons. Amongst several options available for a metering system, one
multiphase meter upstream of the test and production manifolds was selected. The multiphase
meter is verified/calibrated periodically against the test separator. The test separator
measurements had to be upgraded, in order to provide useful references.

• The multiphase meter has been in operation since 31.10.97, with some periods of well shut-
down. In this period the meter has failed twice: once for software reasons, the other for
hardware reasons. Otherwice, the meter has operated normally.

Approximately 95 calibrations against the test separator have been carried out. The adjustment
factors obtained show more scatter, and more deviation away from the ideal factor 1, than what
is considered comfortable. In particular this applies to the adjustment factors for oil. However,
oil production is lower than predicted, while water production is significantly higher. It is quite
possible that meter performance is within what can be expected.

Upgrade of test separator meters has improved the quality of measurement significantly, even if
the gas meter is not yet up to 100% performance.

2 INTRODUCTION AND BACKGROUND

In 1997 a well from the Sognefjord formation was tied in to the Brage platform in the Norwegian
sector of the North Sea.

• The Sognefjord formation is close to the Brage field, and wells can be drilled from the Brage
platform. The ownership of Sognefjord is different from Brage Unit. The production of
hydrocarbons from Sognefjord must be allocated to the owners. Hence, there is need for
allocation metering. The NPD regulations for fiscal metering are applicable to allocation
metering.

1

For the following reasons it was rather obvious that "full fiscal metering" could not be justified
economically: .
• The hydrocarbon reserves are limited - and uncertain. The first Sognefjord well was

completed for test production and formation evaluation.
• The ownership of Sognefjord is very similar to Brage Unit. There are minor differences in

the respective shares, in Brage Unit and in Sognefjord.

A simplified metering system was proposed for Sognefjord, and accepted by the Norwegian
Petroleum Directorate (NPD).

•
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3 METERINGCONCEPT •
3.1 Options for allocation metering

Several options are available tor allocation metering:
• Inlet separator, and metering of separated phases oil, gas and water,
• Well stream metering by multi phase meter,
• Upstream choke pressure (UCP)/Choke differential pressure measurement,
• ModeVcalculation, ego IDUN,
• Well testing.

The frames, within which to work, are given by:
• The NPD regulations for fiscal measurement of oil and gas,
• Cost/benefit of metering

3.2 Cost/benefit analysis

Simplified allocation may be used if there is an apparent disproportion between the cost of a
.metering installation and the benefit which will be achieved from it (NPD regulation § 23, § 9, •
with Guidelines). If simplified metering is proposed, the Operator must submit a cost/benefit
analysis for justification.

In case of Sognefjord, a cosVbenefit analysis was carried out, with the following input:
• Oil and gas production predicted profiles,
• Oil and gas prices,
• CapEx risk factor of 0.25, ie. we are willing to spend 0.25 NOK in order to potentially save

1 NOK,
• Ownership (share) of Brage Unit and Sognefjord,
• Uncertainty in quantity determination is reduced by 15 % by introduction of a multiphase

flowmeter on the well stream.

On this basis, the value • after allocation • of a possible measurement error is calculated.
For Sognefjord, this value was found to be approx. 4.5 MNOK.

3.3 Well stream flow metering

The conclusion was that this first Sognefjord well A·37 was to be equipped with a multiphase •
meter for allocation metering. The multiphase meter 'NOuldbe verified periodically against the
Brage test separator.

3.4 Test separator measurements

Existing test separator measurements-were:
• Oil: Single line, orifice meter, 3 exchangeable plates, y-density meter, pressure and

temperature from separator vessel,
• Gas: Single line, orifice meter, 3 exchangeable plates, 7812 density meter,

temperature, pressure from separator vessel,
e Water: Single line, electromagnetic meter

It was found necessary to upgrade test separator flow measurement, including secondary
instrumentation and signal handling, in order to provide useful reference measurements for the
A-37 multiphase flowmeter.

2
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• 4 EQUIPMENT AND FUNCTIONALITY

4.1 Multiphase flowmeter

After evaluation a multiphase meter from Multi-Fluid was selected for this application.
Based on predicted production profiles, a ON100 FR meter was selected. Velocity
measurement is cross correlation only. No venturi section is included.
The meter is installed downstream of the well valve tree and upstream of the choke valve.

The installation is according to the manufacturer's instructions, in a vertical line, between
horizontal inlet and outlet DN200 piping. Fluid flow is vertically upward. The meter installation
is shown in Figure 1. A more comprehensive description of the multiphase meter is given in
Section B: Appendix 1: Multiphase flowmeter description

Wellstream phase densities of oil, gas and water phases are calculated from initial simulated
PVT data, using gradients around an assumed/nominal operating point. For variations in
temperature and pressure around this operating point, coefficients are used to calculate phase
densities.

On-line PVT calculations are not implemented in this system.
A PVT package could be used for several purposes:
• Calculation of phase densities at multiphase meter operating conditions,
• Calculation of mass transfer from liquid phase to gas phase when the well fluid pressure is

decreased across the choke valve (ref. Section 4.3),
• Calculation of phase densities at Standard conditions (and further calculation of Standard

VOlumes.)

4.2 Referenceflow measurementsfTestseparator instrumentation

The test separator measurements were significantly upgraded, to the following standard:

• Oil
T'NO-beam ultrasonic meter, density meter 7835 Advanced (Hart, digital mode) in pumped
loop, temperature and pressure (Hart, digital mode), full profile water-cut meter.
The oil from the test separator is close to its bubble point. The liquid head from the gas/oil
interface in the separator to ultrasonic meter level is 1.5 - 2 meters. Some of the pressure
difference is lost due to fluid flow fictional losses. The static pressure is further reduced by
an amount %pv2• A DN100 meter has a flow range which is more optimal, considering
expected oil flowrates. However, linear velocity in the meter 'NOuld be too high and
potentially reduce the static pressure below the bubble point. A DN150 meter was
selected,

• Gas
Three-beam DN200 ultrasonic meter, density meter 7812 in a separate heated box,
temperature and pressure (Hart, digital mode),

• Water
Existing ON1 00' electromagnetic meter in continued use (after repairl), piping modified to
safeguard meter always running full,

• Signal handling
A single flowcomputer handles all measurements: flowmeters for oil, gas and water, as
well as all secondary measurements of densities, water-in-Oil, temperatures and pressures.
The flowcomputer is communicating with the process control system (DISCOS) to provide
flow data and batch (well test) functions.

While this upgrade was initiated by the allocation metering for well A-37, it is also useful for
testing of all other wells in Brage Unit, providing more accurate well test data. The advantage of
not having to change orifice plates, is recognized by the Platform Operations.



4.3 Calibration of multi phase flowmeter against references(test separator) •
"Calibrationn of the multiphase meter against the test separator is an integral part of the
metering system for well A·37. Periodically the weU is routed through the test separator. Flow
for each phase oil, gas and water, as measured by the multiphase meter, is compared with test
separator measurement. "Adjustment factors" for oil, gas and water phase flow are calculated
and may be implemented.

Manual recording of data and manual calculation of adjustment factors was considered not
practical. A semi-automatic function is implemented, using the platform process control system
DISCOS. Flow measurements from the muHiphase meter electronic unit and from the test
separator flowcomputer are transmitted to DISCOS on serial communication .. A comparison of
multiphase meter and test separator measured flowrates is carried out by DISCOS. Once the
comparison/calibration process is started by the control room operator, it will continue to run
until it is terminated by the operator. New adjustment factors are calculated by DISCOS and
presented to the operator, who can elect to accept the new factors or not. Any combination of
o (!), 1, 2 or 3 (oil, gas, water) may be accepted. It is possible to apply manually entered
adjustment factors.

It should be noted that phase flowrates, measured by the muHiphase meter and the test
separator, are compared on mass basis. Some of the fluid, which is measured as liquid oil at
the multiphase meter, will evaporate when the pressure is reduced across the choke valve.
Hence the test separator will measure a lower oil mass flowrate and a higher gas flowrate,
compared to multiphase meter readings. This mass transfer from the liquid oil phase to the gas
phase is calculated and accounted for in the automatic comparison. The calculation is rather
simplistic: dmass = B1 + B2~pressure. Coefficients 81 and B2 are based on initial process simulation.

5 EXPERIENCE

In this Section we shall discuss some of the experience trom commissioning and operation of
the multiphase meter. Since the upgraded test separator measurements are important for the
evaluation, experience with the test separator measurements will be discussed briefly.

5.1 Multiphase flowmeter

A multiphase meter may be evaluated in two aspects:
• Function: Whether or not the meter works, most of the time or all of the time,
• Accuracy: How accurate are the measurements?

5.1.1 Commissioning

The multiphase meter was commissioned in October 1997. The gamma density meter was
calibrated in air, and the meter was configured with the process fluid densities. The
measurements from the multiphase meter were checked against the test separator. With the
present instrumentation of the test separator, the measurements of the multiphase meter was
within its specification. Initially the water-cut of the well was approx. 30%. However, within a
tew weeks the water-cut was increasing to 50%, and the well liquid phase was changing from oil
continuous to water continuous, together with an increase in the total production from the well.

5.1.2 Function

Well A·37 was started up 31.10.97, at 2200·2300 hrs.
The multiphase meter started up normally.
(The test separator measurements for oil and water failed completely for the first few hours,
when well A·37 was started. Most likely, oil and water formed a stable emulsion, which did not
separate in the test separator. Neither the ultrasonic oil meter nor the electromagnetic water •
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• meter would work with this emulsion. Oil and water separated only after emulsion breaker was
added.)

Well A637 has been closed in periods:
1. Operational reasons: 02.-08.11.97, 15.618.11.97, 08.610.12.97, 14.12.97601.01.98
2. Problems with "neighbor" well: 17.02. 6 04.03.98
3. Problems with the MPFM (amp. board): 05.05.617.05.98
4. Piping & MPFM inspected for scaling: 16.05. 6 17.05.98
5. Operational reasons: 13.06.627.07.98

During period Item 2 above, drilling mud from a different well came with the well stream for
A-37. It took some time before the problem was solved. It is reported that the multi phase meter
for well A-37 re-started measuring without the need for any action, like cleaning, maintenance
etc.

Increased scaling may result from high water production. During period Item 4 above, the
pipework was inspected for scaling. While significant scaling was observed downstream of the
choke, it is reported that the multiphase meter was clean, with no deposits whatsoever.

• During period Item 5 well A-37 was closed due to its high water production. Water treatment
capacity at Brage was limited, until new hydrocyclones were put in operation .

The multiphase meter has been operative since start-up, except for two periods:

• 08.11. -11.11.98
Shortly after (2nd

) start-up in November the meter started to show occasional drop-outs,
10.11.98 the meter failed completely, when a regular well test of A-37 was to be carried
out. Vendor assistance was called. Even if the cross-correlation was 90%+, meter reading
was zero. It transpired that the software was unable to handle the high flowrate through
the meter at the time: probably 30 6 35 m/s. A software modification was downloaded
(11.11.98), and the meter readings came back immediately. The meter was previously
never tested to such high flowrates during qualification tests.

• 28.04.98 and 02.05.-17.05.98
In April '98 the multiphase meter failed occasionally, and then completely 02.05.98. The
meter again started working 18.05.98, but a faulty electronic card was identified during an
Vendor service visit 20.621.05.98. The card was replaced, and a new software version
was installed. The meter has been working normally since.

Two examples of readings from "a working meter" is shown in Figure 2 and Figure 3: when
well A-37 is shut in and later re-started.

5.1.3 Accuracy

Accuracy is evaluated by considering the adjustment factors that have been obtained since
meter start-up. Initially many calibrations were carried out to gain experience with the meter.
Approximately 95 calibrations have been carried out since meter start-up late October '97.

It has been considered a problem that adjustment factors have been less stable than we would
like to see. In particular this is true for the oil phase measurement, ref. Figure 5. The reason(s)
for this scatter of data is not really established, but the following points could be noted:
• The well stream was oil continuous only for a few days. The meter has been working in the

water continuous regime almost since start-up,
• Oil phase volume fraction was initially ,.,20 - 25%. Current oil volume fraction is 5 - 7%,
• It is important that well produces with stable flow, pressure and temperature, during the

calibration operation,
• A faulty electronic board was replaced 20.05.98. Even if the fault was classified as "not

critical", it is possible that meter performance 6 and adjustment factors - were affected.
• Reference measurements (ie. test separator measurements) must be fully operative and

accurate to within, say, ± 2%.
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A verification of the multiphase meter and the test separator measurements were carried out
24. - 26.08.98, looking at :
• Multiphase meter functionality and setup,
• Multiphase meter calibration,
• Test separator measurements,
• DISCOS and OPIS functions.

•
Well A-37 was routed via the test separator 23. - 25.08.98. For well A-37 bottom hole pressure
is available, and the control room technicians are able to evaluate well flow stability, from this
pressure. Data were recorded directly from the test separator flowcomputer and from the
multiphase meter Graphical User Interface (GUI), independent of any DISCOS or OPIS
functions. Several calibrations were carried out 24. - 25.08.98, ref. Table 1 below.

Table 1 - Multiphase meter calibrations 24. - 25.08.98

C') Base operating conditions & densities
!!!.

Density kg/m3
Adjustment factors

z Date & time Press. Temp.
0 barg ac Oil Gas Oil Gas Water

1 24.08.98 05:53-06.54 46.078 79.090 762.094 35.627 1.05444 1.03662 0.92761

2 24.08.98 15:34-18:12 - " - - " - - M - _ M _

0.946777 1.013672 0.988953

3 24.08.98 21 :09-22:57 - M - - " - - M - - M - 0.972046 1.015808 0.982849

4 24.08.98 08:40-14:25 - M - - " - - M - - .- 0.969971 1.010071 0.975464

5 25.08.98 15:04-17:33 46.078 79.090 762.094 35.627 0.913147 1.013123 1.003235

6 25.08.98. 17:54-20:18 24.500 80.699 793.781 20.699 1.131226 0.943176 1.010132

7 25.08.98 20:32-22:32 46.066 79.090 762.094 35.627 1.10382 0.98914 1.01874

Actual conditions Flowrates, tonneslhC') MPFM!!!. Date & timez Press. Temp. Multiphase meter Test separator (MPFM c.)
0 barg ac Oil Gas Oil GasWater Water

1 24.08.98 05:53-06.54 26.536 80.910 28.51 9.238 144.4 30.05 9.580 134.0

2 24.08.98 15:34-18:12 26.039 81.019 30.13 7.997 130.6 28.52 8.108 129.1

3 24.08.98 21:09-22:57 26.109 81.041 29.21 8.040 130.9 28.40 8.169 128.6

4 24.08.98 08:40-14:25 26.275 80.992 29.38 8.Q15 131.3 28.50 8.098 128.1

5 25.08.98 15:04-17:33 27.394 80.952 29.39 7.481 122.6 26.83 7.581 123.0

6 25.08.98. 17:54-20:18 27.291 80.948 23.66 8.Q16 121.7 26.78 7.562 123.0

7 25.08.98 20:32-22:32 27.377 80.953 24.26 7.653 120.6 26.77 7.570 122.9

•

We have tried to compare multi phase meter readings with test separator measurements with
one-minute time resolution, to see if flow variations at the multiphase meter can be seen at the
test separator, ref. Figure 4. It would appear that for such low oil flowrates the test separator
tends to have a smoothening effect on small flow variations.

During this verification no malfunction or errors were identified. The multiphase meter is
working, and so are the test separator measurements, even if the gas meter is working off one
path only.

It is concluded:
1. System operation, as observed 24. - 26.08.98, reflects the performance that can be

achieved with the current system, except that work continues to determine if other phase
densities should be used,

6
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• 2. In practical operation, it has been found that the initial requirements for reproducibility and
repeatability as described in Section 5.3 were somewhat tight.
In September '98 the calibration procedure was changed, and the
reproducibility/repeatability requirements were somewhat relaxed, ref. Table 5.
(It should be noted that "% reproducibility" and "% repeatability" is calculated on actual
phase flow for each phase, not on total flow.),

3. We believe that the requirement for ± 5% reproducibifity/repeatability is difficult to achieve
when the oil volume fraction is down to 5 - 7%.

5.1.4 Sizing of multiphasemeter

The prediction of the production flowrates and MPFM operating conditions was not very
accurate. The weill was producing at a higher total phase flowrate than expected (lower oil
phase tlowrate, but significantly higher water phase ftowrate). After a few weeks, the well was
producing outside the recommended operating envelope for the multiphase meter. After the
software modification mentioned in Section 5.1.2, the meter is capable of measuring up to 40
mls.

•
This point also illustrates one of the advantages of the cross-correlation meter. If the multiphase
meter had been designed based on the predicted flow rates using a venturi velocity meter,
there would have been a significant pressure drop across the multiphase meter. However,
since the cross-correlation velocity meter is non-intrusive and has a turndown in terms of
velocity, the multiphase meter was working even though it was operating outside the
recommended velocity envelope.

5.2 Referencemeasurements(test separator)

It should be noted that there are no references against which the test separator measurements
can be compared, once the meters are installed. Initially, aU meters were flow calibrated by the
manufacturers, and we have to assume that these calibrations are maintained, and Valid, once
the meters are installed and put in operation.

The experience can summarized as follows:

• Oiltlow
The meter failed occasionally on well A-37 and some other wells: ultrasonic beam failure.
This was eventually attributed to solid particles in the liquid, not gas bubbles. The meter is
now working better, but there are still some occasional errors, even at less than 5% water-
ln-oll. Above 10 - 15% water-m-olt. the meter readings become more unstable, until the
meter fails severely above 20% water content.

• Oil density
Very satisfactory performance. An oi1 sample was drawn from the test separator and
analyzed for density (at density meter operating conditions) by an independent laboratory:
Results are shown in Table 2 below.

Table 2 - Verification of test separator oil density meter

Description 12.11.97 Comment

MeasuremenUread-out Density meter, k9'm3 803.36

Lab. analysis, (independent on-shore lab.) kglm3 803.3 Recalculated to 1 vol-%
water content

Difference % -0.01

Recently the density meter has been out of operation. The meter was due for periodic
calibration, and the Hart interface card (inside the 7835 electronic unit) was damaged when
the Hart circuit was opened/closed while with supply voltage still connected.

•



•

• Oil pressure arid temperature
Very satisfactory. •• Water-in-oil
Very satisfactory. Water content is measured up to meter maximum, which is 20 vol-%.
The meter has been working reliably since start-up. In-line calibration has been carried out
three times. The results are shown in Table 3 below:

Table 3 - In-line calibration of water-cut meter

All table values are vol-% water-ln-oll 08.11.97 11.11.97 03.02.98

Measurement/read-out Water-Cut meter 2.2 0.77 0.190 - 0.187

Brage Lab. analysis, re-calc. to line conditions 2.3 0.22 0.181

Difference -0.1 +0.55 ca. + 0.1

"Current correction" Water-Cut meter +0.20 -0.34 -0.32

It should be noted that in-line calibration of a water-cut meter on test separator oil is not
easy. The water content has to be stable, which in most cases means low. It cannot be •
assumed that manual sampling and laboratory analysis gives error-free results. Results for
absolute errors, as given in Table 3 above. is considered satisfactory for well testing
purposes. It is considered satisfactory also for multiphase meter calibration.

• Gas flow
When the ultrasonic meter was chosen for test separator gas, it was realized that the gas
potentially contains some liquid, and that any such liquid might affect the ultrasonic
flowmeter. However, the ultrasonic meter has several advantages over the orifice meter,
and Brage decided to install the ultrasonic meter. There are six transducer ports for three
beams. One of these ports is located such that liquid may accumulate in the port, while the
other five other ports will drain any liquid back to the pipe.
Most of the time one path is failing due to liquid build-up in one of the transducer ports.
Since the failing path is one of the double-reflecting paths, the other double-reflecting path
is disabled. Effectively the ultrasonic meter is working as a single beamlsingle reflection
meter. The single-reflecting beam is operating with close to 100% performance all the
time.
It has been observed that when the gas flowrate increases, the "failing beam" comes back,
probably because the liquid is sucked out of the port. When the flowrate decreases, the
beam will again fail.
(Note. The manufacturer has now changed the design of meters for this application, such
that all ports drain liquid back to the pipe. An upgrade is planned also for Brage.)

• Gas density
The density meter has been working satisfactory since start-up.
Direct measurement of gas density, when the gas is close to its hydrocarbon - and water
- dewpoint is recognized as difficult. As soon as liquid is condensed or collected in the
measurement chamber, the density meter fails completely. Disassembly, cleaning, drying
and re-calibration is then required.
In case of Brage, great care was taken to avoid liquid drop-out in the measurement
chamber. The density meter is installed 0.5 m above the process pipe. with maximum
sloping sample lines. The density meter is heated and thermally insulated. The
temperature is 90°C, approximately.
A manual spot sample of test separator gas was analyzed for composition, except that
water content was not analyzed. Assuming that the gas is saturated with water vapor, the
mole-% were recalculated. Gas density at operating conditions were calculated for dry gas
as well as wet gas, ref. Table 4 below.

8



9

• Table 4 ~ Verification of test separator gas density meter

12.12.97
Description

without water vapor with water vapor

Measurementlread~out Density meter, kglm3 8.05 8.05

Laboratory analysis (Brage) kg/m3 8.035 8.115

Difference % 0.19 ~0.80

• Gas temperature and pressure
Very satisfactory.

• Waterflow
The water meter now seems to be working satisfactory.

•
• Signal handling

Flowcomputer handling of flow and secondary measurements provides much improvement
in functionality and accuracy over previous handling carried out by DISCOS. Improved
measurement provides more accurate well test data, which is of importance mainly for
reservoir management.
For the test separator measurement data are generated by the flowcomputer, while
DISCOS provides data transport functions and operator interface. DISCOS functionality is
considered adequate for these purposes.

Production data are transmitted to the Oseberg Production Information System (OPIS). for
reporting and filing purposes. OPIS is not always stable, and sometimes reports are not
generated correctly. On one occasion the OPIS computer stopped completely for a couple
of days. When OPIS is down, no reports are written to file, and quantities are "lost".

The multiphase meter electronics act as a flow transmitter. There is no handling or filing of
daily totals. For allocation metering purposes supervisory computer functions are required.
For applications where the hydrocarbon production is large, production data should be
gathered in rneterinq-type supervisory computers.

5.3 Controlroomfunctions

The multiphase meter is verified - or calibrated - on a (quasi-) periodic basis. The calibration
is initiated - and accepted - by the control room technicians. A "Work description", which
describes calibration of the multiphase meter, has been prepared.

The multiphase meter is calibrated whenever:
• The choke position is changed,
• Well A-37 is again opened after shutdown,
• Operating conditions are changed by more than 20% (pressure, temperature, flowrates),
• 1 month has elapsed since the last calibration,
• New configuration data are downloaded to the multiphase meter, or the multiphase meter

is restarted after shutdown.

•



Certain conditions must be met, for a calibration to be carried out and new adjustment factors •
accepted:

Table 5 - Procedure and acceptance criteria for multiphase meter calibration

Description February 1998 September 1998

Choke position No change last 12 hrs Stable

Well stream, and well stream temperature Stable
Test separator Test separator

Test separator trend curves measurements working measurements working
OK OK

Stabilization time test separator 2 hIS 4hrs

Calibration duration time 2 hIS 4hrs
Reproducibility all phases oil, gas and water 5% 10%
(Difference from calibration "I!revious month")
Repeatability all phases oil, gas and water 5% 10%(Difference from calibration .,he same dayj

If the adjustment factors do not repeat within required tolerance from the calibration "the
previous month", a new calibration may be attempted. The second set of adjustment factors
must agree with the ones from the first set ("the same day") within required tolerance.
Otherwise the Senior Instrument Technician is called to investigate the matter, and a non-
conformance report is filed. •

The first problem was that actual operating conditions were not very close to what was predicted
(ref. Section 5.5). In particular pressure was significantly lower at multiphase meter conditions.
The "coefficient method" for calculation of densities away from the nominal operating point is
probably not very accurate. It was therefore necessary to recalculate phase density to actual
operating conditions. However, when flowrate varies, the fluid pressure in the multiphase meter
varies, and measurement uncertainty increases due to the inaccurate correction method. •

It appears that the calibration process is operated comfortably by the control room technicians.

5.4 Physical properties of single phasesoil, gas and water

With no on-line PVT calculations, phase densities are calculated for operating conditions in
temperature and pressure, using a 2nd order polynomial. Phase densities are needed at the
time when well production is started and hence must be calculated from previous well test fluid
data. This data may be verified or recalculated once fluid samples are available after start-up.
Also mass transfer coefficients have to be calculated from initial well test data and later verified.

It proved more difficult than expected to obtain density data after start-up. Oil, gas and water
was sampled at the test separator 1.5 months after well start-up. The samples were kept
pressurized and sent to an on-shore independent laboratory for a rather comprehensive set of
analyses, PVT analysis included. It was several months before complete analysis data • and
recalculated phase densities - were available.

•
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It is possible to calculate the effect of using wrong densities (sensitivity analysis). On 25.08.98
base densities were changed, to see the effect on the adjustment factors • in practice.
Subsequently, the base densities were changed back to original values: The results are shown
in Table 1, in Section 5.1, Calibration nos. 5· 7. (Selected results are shown below, also.)

0 Base operating conditions & densities
Adjustment factors!!. Density kglm3

z Date & time Press. Temp.
0 barg °c Oil Gas Oil Gas Water

5 25.08.98 15:04-17:33 46.078 79.090 762.094 35.627 0.913147 1.013123 1.003235

6 25.08.98. 17:54-20:18 24.500 80.699 793.781 20.699 1.131226 0.943176 1.010132

7 25.08.98 20:32-22:32 46.066 79.090 762.094 35.627 1.10382 0.98914 1.01874

Actual conditions Flowrates, tonneslh
0 MPFM
!!. Date & timez Press. Temp. Multiphase meter Test separator (MPFM c.)
0 barg DC Oil Gas Water Oil Gas Water

5 25.08.98 15:04-17:33 27.394 80.952 29.39 7.481 122.6 26.83 7.581 123.0

6 25.08.98. 17:54-20:18 27.291 80.948 23.66 8.Q16 121.7 26.78 7.562 123.0

7 25.08.98 20:32-22:32 27.377 80.953 24.26 7.653 120.6 26.n 7.570 122.9

As can be seen from the table, operating conditions at the rnultlphase meter are similar for all
Calibration nos. 5 . 7_ Flowrates at the test separator are also similar. Even if a rather large
change in the adjustment factor for oil is observed between Cal. nos. 5 and 6, a similar change
in the opposite direction is not apparent between Cal. nos. 6 and 7, when the base densities
from Cal. no. 5 was re-established, We have no explanation, except that the oil volume fraction
was rather low: 6 ·7%, "'magnifying" any sort of real measurement scatter. The gas adjustment
factor seem to show more "consistenf behavior. The water adjustment factor is little affected.

If we consider Calibration no. 5, the mass transfer from the hydrocarbon liquid phase to the gas
phase - when fluid pressure is reduced across the choke - is calculated as 3.3% of total
hydrocarbon mass (4.4% and 13% of hydrocarbon liquid and gas, respectively). Hence, this
mass transfer is not small, and model errors will affect apparent performance of the multiphase
meter.

5_5 Predictions of production flowrates and MPFMoperating conditions

Before start-up, production profiles and wellhead pressure and temperature profiles were
predicted from simulation/model calculations.

In the first place, multiphase meter sizing is based on predicted production profiles. Next,
multiphase meter operating pressure and temperature - and hence phase densities • are
determined. The operating pressure depends on flowrate and well fluid density, With a high
water fraction, pressure loss is increased.

Actual production proves to be significantly different from predicted profiles. Water production is
much higher, while oil production is rather low. Actual multiphase meter operating pressure is
20 - 30 barg, vs. predicted close to 90 barg.

Current fluid velocity through the DN100 meter is 20 rn/s, which is quite high. Pipework
upstream and downstream of the meter is DN200.

•



6 OVERALL EVALUATION •The overall evaluation is that the multiphase meter is working. Two failures have occurred, one
software and one hardware. Adjustment factors show more scatter and more deviation from the
ideal factor 1. This particular this is true for the oil phase. But the oil volume fraction is low:
initially 20% and now down to 5 - 7%. It is quite possible that current performance is as good as
can be expected.

Handling of phase densities at multiphase meter conditions was more difficult than expected.
Use of on-line PVT calculation could possibly have improved the situation. However, an
additional computer would have been required, adding to system complexity and cost.

Predicted production profiles were not very accurate. Inaccurate profile prediction may lead to
incorrect meter sizing. It is fairly obvious that well A-37 produces significantly less oit than
expected.

The upgrade of test separator measurement is considered a significant improvement, for
accuracy as well as for operations. Work continues to make the gas meter work as intended.

The multiphase meter installation, with all associated functions, turned out to be quite •
expensive. Also upgrade of test separator measurements was expensive, but this effort is
useful for all Brage wells.
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planning/engineering, installation, commissioning and operation phases.

Two years ago, very few multiphase meters were installed for allocation metering. Even today
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metering of the Sognefjord well A-37, tied in to the Brage platfonn, it is felt that Brage
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The verification 24.-26.08.98, of the metering system for Sognefjord well A-37, was carried out
by H. Tunheim and H. Moestue of Norsk Hydro.
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8 APPENDIX1: MULTIPHASEFLOWMETERDESCRIPTION

8.1 Introduction

The MFI Multiphase Meter culminates twelve years of R&D, much of it sponsored by seven
international oil companies: Statoil, British Petroleum, Phillips Petroleum, Elf Aquitaine, Total,
Saga Petroleum and Shell.

The MFI Multiphase Meter uses a unique, patented microwave technology. However, the
fundamental physical principais involved are simple. Multi-Fluid's technological platform is
based on the ability to adopt and apply these fundamental principals to the challenging
technological task of measuring fractions and flow rates of different components flowing
simultaneously in a pipe, without any prior separation of the phases.

8.2 Development of the MFI Meter

In 1986 Statoil makes a technological and market survey with the purpose of
1986 developing continuous measurements of oil. water and gas flowing from wells

and in pipes.
Statoil and SRI International begins the initial research program at SRI

1987
International in Menlo Park. California in 1987. The initial research based on an
idea of utilising microwave electronics is promising and Statoil continues to fund
urther development.

In 1989 Multi-Fluid Inc. is founded in California in anticipation of future
commercialisation of the technology. Hitec becomes part owner of Multi-Fluid
Inc. later in the year and takes responsibility for the further development of the

1989 company. Hitec builds the first test loop in Norway in 1989. The first multiphase
meter project started and the product is called MFI Multiphase Meter. Multi
Fluid invites other oil companies to participate in the project. BP, Elf, Phillips,
Saga and Total join to fund and sueoort the program.

1991 In 1991 the owners of Multi-Fluid Inc. establish Multi-Ruid International AS.

1992 The MFI WaterCut Meter was commercialised in 1992.

1993
In 1993 Multi-Fluid Inc. begins its commercial activities in the US. The company
relocates all activities to Denver, Colorado.
In 1995 Statoil, Norsk Hydro and Saga undertake an extensive qualification test

1995 of competing multiphase meters. The MFI Multiphase Meter showed very
favourable results.
Hitec becomes the majority owner of the Group. The Multiphase Meter project
was completed and the subsea version launched. The MFI Multiphase Meter

1996
passed qualification tests in Porsgrunn (Hydro), at Shell Gannet and at Gullfaks
B. The MFI SubSea Multiphase Meter qualified for use at Gullfaks Satellites and
Asgard. The Company has its commercial break·through as it wins several new
contracts.
Multi-Fluid International AS changes its name to Multi-Fluid ASA. Multi-Fluid

1997
ASA purchases Multi-Fluid Inc. and becomes the parent company of the Group
Multi-Fluid ASA is listed at Oslo Stock Exchange. Multi-Fluid Inc is moved to
Houston. Multi-Fluid Subsea is established to take care of subsea activities.

8.3 System DeSCription

8.3.1 The Sensor

The sensor is a compact, straight spool piece with no moving parts. A four inch, 1500 lb. sensor
with ANSI flanges is less than 700 mm (28 inches) long .•



•

The MFI sensors can accommodate high pressure requirements. They are machined from a
solid bolt of steel. Pressure containment is achieved using standard methods. The sensor body
is metal pipe and needs no special seals, while the microwave probes use traditional metal
and/or O-ring seals. •
8.3.2 System Architecture

MFI Multiphase Meters perform all measurements and calculations in the field electronics.
Consequently, only final results are transmitted from the field using simple analogue or digital
outputs. With this architecture, Multi-Fluid's meters can be used as stand-alone, remotely
operated devices without the need for support facilities. This can dramatically reduce the cost
of installing and using multiphase meters in remote or unmanned facilities.

8.3.3 MultiphaseComposition Meter

Instantaneous oil, water and gas fractions are measured using 1) a patented microwave
measurement device for measuring mixture dielectric properties (dielectric constant and
conductivity) and 2) a commercial Cs 137 gamma density meter for measuring mixture density.
Multi-Fluid's composition meter offers a unique combination of features.
It functions over the full 0 - 100% water cut range. Separate sensors are not required for low
and high water cut measurements.
The microwave measurement system has unparalleled sensitivity. The microwave sensor
works by measuring a characteristic microwave frequency that is inversely proportional to the
square root of the mixture dielectric constant. A change from 100% gas to 100% water can
result in a change in the measured microwave frequency of over 100 to 1. This sensitivity is
many times greater than is possible with other techniques such as dual energy gamma
technology. As a result, the meter can measure the water cut, oil flow rate, and water flow rate
of multiphase mixtures with superior accuracy, particularly at high GVF.
The composition meter accurately measures component volume fractions several times per
second. Thus, it is possible for it to function with any flow regime in the line, even intermittent
plug flow. Another benefit of 'real-time' measurement is that the meter can be used to
determine which flow regime is present in the line. Many other multiphase technologies
integrate raw data over tens of seconds to get meaningful results, thereby losing useful real·
time information.

8.3.4 crosa-cerrelatten Meter

The primary element for measuring multiphase flow velocity is Multi-Auid's Cross-correlation
Meter. This device uses two identical microwave sensors (such as used in the composition
sensor) separated by a known distance in the pipe to measure velocity. By statistically
comparing measurements from the upstream sensor with those of the downstream sensor using
cross-correlation methods, one can determine the mean transit time for the mixture to move
between the sensors. The sensor spacing and the measured transit time give velocity. Multi-
Fluid has developed a slip flow model to determine respectively the gas and liquid velocities
from the measured velocity using, among other inputs, the statistical data from the composition
meter to characterise the flow regime. These two velocities are combined with the readings
from the composition meter to obtain the actual oil, water and gas flow rates. The Cross-
correlation Meter has a number of advantages compared to other multiphase velocity meters
(including Venturis) Tum-down ratio of up to 35: 1
No moving parts
High sensitivity. It functions with zero water cut and fine bubble flow such as might be present
during early production.
No differential pressure taps that can foul or dP transmitters that can drift
Easily used in high pressure systems without sacrificing accuracy

•
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1 INVOLVEMENTHISTORY

BP, like other oil majors, commenced funding of research activity in the early 1980s aimed at
developing multiphase meters. The objective was to provide low cost, compact, in-line metering
as an alternative to well test systems using separator vessels and single phase flow meters.

Several research programmes have been funded by BP. Principal among these, (and emerging
commercially in the industry today) were the Christian Michelsen Research (CMR)/Fluenta,
Framo and MFI JIPs and an in-house development which was licensed to ISA Controls Ltd in
1995.

• BP conducted a series of field and flow loop test programmes involving the CMRlFluenta and in-
house technologies. These included substantial evaluations at the Wytch Farm (UK) and
Prudhoe Bay (Alaska) oil fields from 1989 to 1993 [1,2,3].

In 1994, the emphasis was switched owing to concern about the high cost of these programmes
and lack of clarity on foreseeable business benefit. The level of funding on hardware
development and test was reduced and effort concentrated more on understanding the benefits
the technology could offer to BP's business assets.

As part of this, BP explored dialogue with Shell and Statoil and continues now to share the
leadership of a multiphase meter users' forum with these companies which provides a useful
vehicle for exchanging experience.

Through these efforts, two applications have so far emerged where multiphase metering offers
significant benefits: in the ETAP field - subsea; and on land in the Cusiana oil field and Cupiagua
gas condensate field in Colombia. The purpose of this paper is to report the latest status of
these applications now that multiphase meters are in the early stages of operation.

• Some funding of test and development activity on multiphase metering continues. BP is a
participant in the Multiflow JIP run at the UK National Engineering Laboratory (NEL). This is a
valuable benchmarking exercise which is one of the ways in which knowledge of technology
status is maintained. It can also be one of a number of contributory sources of guidance for
selecting multiphase meters for application.

Multiphase meter technology is not "proven", as some in the industry misleadingly claim. For
example, the capability to measure water cut continuously, on-line at the wellhead, to acceptable
accuracy and cost (1% - 2% absolute; one meter on every well) has still to be demonstrated,
particularly for mature oil fields producing gas-prone wells with high water cut. BP continues to
support research on this aspect. The current applications are another substantial phase in
bringing the industry multiphase production measurement capability forward. This will be
developed as a contribution to an acknowledged key role of technology in allowing BP to strive
for competitive edge.

2 ETAP (EASTERNTROUGH AREA PROJECT)

•
The Eastern Trough Area Project (ETAP) integrated development in the North Sea comprises
seven separate oil and gas fields (Monan, Mungo, Machar, Marnock, Skua, Heron and Egret),
Figure 1. The development consists of a two-platform Central Processing Facility (CPF) located



•

at Marnock and a smaller Normally Unattended Installation (NUl) at Mungo. The other fields
have been developed as subsea satellites and flow, via multiphase production lines, back to the •
CPF which also provides oil and gas export facilities.

•
Figure 1 - ETAP Overview - Topside, Sub-Sea and Sub-Surface

The operator for the "M" fields; Marnock, Monan, Mungo, and Machar, is BP. Shell is the
operator of the Heron, Egret and Skua fields. BP is the operator for the combined ETAP
development. BP's partners are Shell, Esso, Agip, Murphy, Total and Mitsubishi.

Over the last decade or so, a number of feasibility studies have shown that, when considered in
isolation, the economic viability of each of the fields was marginal. In 1992, BP Exploration
proposed to group together a number of fields into a single development which, when developed
together, would deliver a sufficiently robust economic solution. The number of fields has gone
through a number of iterations but has finally been refined into what is now known as ETAP.

2.1 Well Production MeasurementNeeds

There is a requirement to test each of the ETAP wells at a frequency of approximately once per •
month. The reason behind the well tests and the information required differs between the ETAP
fields but in all cases is for reservoir management. These measurements are not required for
allocation between the partners.

Multiphase metering was selected for two of the subsea fields, Machar and Monan. The
development team studies and processes to establish that these subsea multiphase meters
would provide acceptable well testing for these two fields were described in [4]. That paper
discussed the criteria used to select the meters.

2.2 Benefits and Service Duty

The Machar and Monan subsea satellite fields are connected to the CPF from a distance of
35 km and 15 km respectively. Conventional test separation metering over these tie-back
distances would have been expensive although the CAPEX in each case was not a sole
distinctive influence when comparing against the cost of multiphase meters installed subsea .'

2
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Considering through-life costs (CAPEX, OPEX and lost production), the case was heavily
influenced by the income lost (or deferred) as a result of shutting wells for test by difference.
Also, operational difficulties were expected with long test lines. There were concerns about wax
and hydrates, compounded by the fact that the test pipelines would have been of smaller
diameter than the production pipelines. Control of flow switchovers would be difficult over such
distances in view of the multiphase flow dynamics, would have required unacceptable levels of
manning, and would also carry some risk of process upsets and deferral of production. Test line
metering over these long distances would require excessive purge and stabilisation periods and
would alter the wellhead pressure thereby compromising accuracy in terms of representing the
flow rates to the production pipeline.

It was concluded that well testing either using a test line or by difference over such distances
would not be practical or accurate, especially given the drive towards minimum-manning for the
operation of the ETAP facilities.

The most cost-effective solution for Machar and Monan uses a single multiphase meter installed
in a subsea test manifold with actuated divert valves. This was felt to offer the additional
advantage that systematic measurement errors should, to some extent. be compensated in
comparing the relative performance of wells.

Multiphase meters were also evaluated as an option for topsides service on the CPF at Marnock
and Mungo NUL For Mamock, they could provide continuous monitoring for two particular "rich"
gas condensate wells to allow close control of condensate banking. The most economic (and
the original) design case for Mungo was based on topside multiphase metering for reservoir
management. For Mungo, the flow measurements are needed to optimise production (on the
basis of relative GORs) from eight wells producing with drive from water and gas injection
schemes. The control of the injection systems on the basis of the well test measurements is
critical.

In both cases, the decision not to install multiphase meters was strongly influenced by lack of
confidence that multiphase metering was sufficiently developed for application. Accurate CGR
(condensate-gas-ratio) readings are required in the Marnock application (for which a test
separator is available).

In view of the relative high value of the Mungo field, and the number of wells and nature of the
scheme for recovery, the multiphase meter option posed an unacceptable level of risk. A
relatively late decision was made to install a test separator on Mungo. at some additional cost to
the project and increase in the level of maintenance presence required on the platform. The

• decision was also influenced by the requirement to provide a proppant receptacle.

This is in contrast to the Machar and Monan subsea fields which will produce from five and two
wells respectively. For the former field, the primary function of the multiphase meter will be to
monitor for water break-through during a water injection phase. In the Monan case. the intention
is to be able to optimise production from the two wells on the basis of GOR. Monan production
ties into the production pipeline from the Mungo field before reaching the CPF. The Monan
multiphase meter readings will be judged against the rates of the eight producers in the Mungo
field metered by test separator.

In both subsea cases, the project had little alternative to well-site multiphase metering for well
testing. This, coupled with an underlying philosophy of the ETAP project to use and advance
new technology (of which multiphase metering is just one example being deployed) convinced
the project team (BP/Brown and Root) of the argument to proceed. The Machar and Monan
subsea multiphase meters are not production critical.

•



2.3 Selection of the ETAPSubsea Meters •The selection process is described in more detail in [4]. The choice incorporated an analysis of
the responses from a number of vendors to a formal questionnaire incorporating a listing of
carefully considered criteria.

Framo Engineering A.S. were successful in winning the order for the supply of the two subsea
meters in June 1996. This multiphase meter has been described previously on numerous
occasions. In brief, it uses a Venturi and dual energy gamma ray flow sensor combination
downstream of a novel mixer vessel.

A key factor in making the selection was established experience in deSigning and supplying
subsea engineering hardware .. Fluenta -were-the only-other ·supplier·with-a -subsea -sensor
package at that time.

It is important to point out that latest flow loop data available to BP from the NEL facility and the
high pressure (live hydrocarbon) multiphase flow loop operated by Norsk-Hydro at Porsgrunn
from recent JIP test programmes were consulted to the extent made possible by references to
them in the vendor answers to the questionnaire. These test data did not present unambiguous
evidence in support of the selection process. •The Framo meters are designed for retrieval by ROV and for rapid change-out with a spare
sensor cartridge should the need arise. Ideally, remote subsea flow meters should require
minimum requirement for calibration adjustment. The subsea engineering team of the ETAP
project preferred the Framo mixer technique compared to other systems which attempt to model
flow behaviour and rely on in-service factoring.

The selection questionnaire included a key behavioural criterion emphasising the requirement
for willingness to work openly with BP ETAP.

2.4 Operating Experience - Start-Up

Test Loop

Prior to delivery, the Machar multiphase meter was subjected to a BP witnessed 3-day test
matrix using the Framo three-phase flow test loop at FlatlllY, Bergen. Following set up and
checking by Framo during the preceding week, this test confirmed the functioning of this
particular meter. The extra expense incurred by BP in taking this option and tight project
schedule prevented a similar test of the Monan meter. •Comparing against Single phase reference flow measurements obtained by calibrated V-cone
meters, the measurements by the multiphase meter for bulk liquid and gas rate were mostly
within ±10% relative and for water cut within ±7% absolute under conditions of GVF expected in
the Machar application, ranging 60% - 80%. The test points covered nominal water cuts of 0%,
50% and 80%. This included some repeats at the end of the period. This level of performance in
service, if repeatable, is considered adequate for the management of the Machar reservoir. The
loop does not use hydrocarbons under pressure and clearly could not simulate the length or
topography of the subsea pipework (multiphase meter 40 to 100 metres from wellheads).

•
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The Monan meter is expected to 'see' GVFs reaching 97% during service. The detail of its mixer
internals differ to those of the Machar meter. Both meters use a 65 mm Venturi throat which
offered economies of manufacture. Both are designed as nominal 6" units to class 1500 rating.•
Onshore

Functional checks were made in the UK at the
various stages of integration testing within the
subsea manifolds and transport offshore. These
included communication links and sensor signals
such as the empty pipe gamma photon count
readings.

Prior to load-out off-shore, the gamma detector in
the Machar meter was found to be suffering
degradation with loss of signal. It was necessary to
change out the sensor cartridge with the spare
insert purchased by BP as a back-up for the Monan
and Machar multiphase meters.• The replacement insert is fitted with a gamma
detector manufactured by a new supplier to Framo.
It emerged, after detailed questioning, that work had
been in progress for some time with the previous
supplier to improve detector reliability. The
difficulties encountered did not become apparent
before the Monan meter, with the earlier detector
design, was installed on the seabed. This is regrettable.

Figure 2 - Multiphase Meter - Monan
Manifold

Partnership and co-operation in order to ensure the earliest opportunity to address technical
challenges in the course of commercial applications (and to assist vendors to overcome them)
are to be encouraged in the best interests of all parties.

The ETAP subsea multiphase metering schemes were designed with the intention of little need
for intervention during field life (sixteen years for Machar and nine years for Monan).
Theoretically, in the Machar case, the decayed Barium gamma source of the Framo meter may
require change-out after ten years.

Following installation of the replacement insert in the Machar meter, two of its components
failed. The multi-channel signal analysis card failed. This component is not duplicated in the
meters so any further failure, in service, would result in loss of meter use. The DP cell also
needed replacement owing to erratic signal fluctuations and, in service, such failure would have
affected the total volume reading from the Venturi.

•
BP ETAP is now aware of the possibility of the need for an intervention and retrieval of a subsea
meter early in service. Some expectation and budget for this is in place in the context of other
equipment installed on the subsea manifolds. It could be argued, in a positive sense, that this
early intervention, if it arises, will be an opportunity as part of the technology advance and
learning which has underpinned the ETAP philosophy. It would test the capability to Change-out
multiphase metering hardware subsea In an operational setting.

Offshore

After installation of the Machar manifold subsea, function tests showed that all elements of its
multiphase meter were working and that the meter was communicating with the host facilities.
At the time of writing, after several months since installation on the sea-bed, commissioning of
the Monan meter was in progress.• 5
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3 COLOMBIA (CUSIANAICUPIAGUA) •The Cusiana oil field and Cupiagua gas condensate field are operated by BP Exploration on
behalf of a consortium including Ecopetrol, BP, Total and Triton. hey are located in the
Casanare province in the eastern foothills of the Andes mountains. The discovery of these fields
in the early 1990s doubled Colombia's oil reserves by adding over 1.5 billion barrels.

The development of these fields has proceeded in two phases. Phase I involved a first stage of
development of the eusiana field and peaked at a production rate of over 190 mbpd. During the
current Phase " expansion of Cusiana and start-up of Cupiagua, oil production is being
increased to 500 mbpd.

A combination of hilly and difficult terrain coupled with a complex and unstable geological
structure has necessitated the use of geographically dispersed wells. Drilling is relatively
expensive in these areas and scope for deviated well-bores is limited. The multiphase
production fluids are transported through a flow-line/trunk-line system to central processing
facilities (CPF), Figure 3. The multiphase fluid dynamic behaviour through the pipelines over the
hilly terrain has needed special study by BP Exploration including field trials using clamp-on
gamma densitometers. •

•
D Well Site

o Processing Centr

~ PigStation

Figure 3 - Cusiana Oilfield Multiphase Production Flowline Network. (June 1995)

6



7

• 3.1 Well Production Measurement Needs

Tests of every well are required once per month as a minimum. The production data are critical
to effective management of the reservoirs but are also needed for allocation. It is a requirement
of the Colombian regulatory authorities that these monthly data are obtained accurately to the
best standards expected of a good test separator system. Local royalty and ownership interests
vary depending on well location.

3.2 Benefits and Service Duty

Conventional fixed well testing infrastructure including test lines, for the majority of wells, which
are remote, would be too expensive and difficult to operate. The well tests during phase one
production from the Cusiana field used portable conventional metering systems to cover the
more remote of twenty four early production wells. A permanent test separator has been used at
the CPF for wells in closer proximity and where a dedicated test line was available. The truck-
mounted test separators require choke-back for the high potential wells due to their limited flow
capacity. They are expensive and cumbersome (logistics include additional truck mounted
auxiliary equipment): in 1996, a total of seventy five well tests was achieved at a significant
service cost (-$30,OOO/test)and with production losses.• During Phase 2 - (full field expansion) - the number of wells for Cusiana and Cupiagua fields
combined will exceed ninety. For the Cupiagua field, which sits in more elevated terrain and
vegetation, a well test using the portable test separation equipment can take four days minimum
to complete and as for Cusiana, in some cases, requires the use of two test sets in parallel to
achieve useful flow range, with potential operational difficulties.

Multiphase metering offers substantial benefit in these circumstances, both economic and
logistical. Cost savings in furnishing well test equipment, for a five year period, have been
estimated at levels comparable to those expected of remote offshore applications. Each meter
would permit up to sixty well tests per month. On the basis of Cusiana experience in 1996, this
compares to six tests achievable per month for each of three portable conventional equipment
sets. In addition to these considerations, there is a significant revenue implication in being able
to test to full well capacity. Multiphase metering permits this. Furthermore, the limitation on test
capacity to date, imposed by the conventional equipment, has led to some uncertainty in
production rates under normal operation and has deprived the asset of important information on,
for example, variation of GOR with rate.

The strategy with regard to the deployment scheme using multiphase meters is being developed
following field tests and as further experience is gained from operation with the portable
multiphase meters used for the trial.

3.3 Field Trials

Recognising the significant benefit potential of multiphase metering, BP Exploration Colombia
begun planning field trials in 1996 with assistance from the BP Multiphase Production
Technology group. Further confidence was needed before committing to commercial orders for
full field deployment. For example, the technology needed to be demonstrated using large
meters capable of operating to the full capacity of the high potential wells. BP had substantial
experience from across its test and development participation but all involving meters and test
facilities restricted to 4" nominal pipe and below. The wells in Colombia typically need 8"
multiphase meters.

Furthermore, the viscosity of the Cupiagua condensate (410 API) is 0.3 cP under line conditions,
lower than anything experienced previously. Cusiana oil is also light: 35° API; 0.7 cP at line
conditions typically.

•



A short-list of manufacturers was screened in order to select a metering principle which could
deliver the required accuracy, repeatability and functional reliability. On the basis of
fundamental metering principle, demonstrated and consistent track record and performance, and
BP's considerable trials experience at Wytch Farm and Prudhoe Bay [1, 2, 3], the ISA
"Multistream" meter was selected for the trial. The positive displacement principle of this
technique has been detailed in the above references. An order for two a" meters was placed in
January 1997.

•
Cupiagua production is dry (apart from water of condensation). Some Cusiana wells are
beginning to cut water (up to 20% in a few cases). At the time of order, the ISA system did not
include an in-line water cut monitor. Current multiphase meters with this capability have not
demonstrated the required accuracy on flow rate. Furthermore, particularly at gas void fractions
(GVFs) approaching and exceeding 90%, which is the case for both Ouslana and Cupiagua well
streams, they do not exhibit the required accuracy in measuring water cut.

Test separator equipment will remain for well clean-up and related work. This equipment will
also provide one means of periodic verification. It can be used to measure water although the
companies currently providing the portable well testing service typically route total liquids
through the oil leg and resort to samples taken from the multiphase well stream to determine
water cut. BP Exploration Colombia also purchased a "WeIiComp" unit in 1995 for service in the
Cusiana field. Some reliability problems have recurred with this unit, but it remains in use. It has
not been subjected to a rigorous systematic evaluation but experience in Colombia and sparse
data available external to BP show that accurate water cut measurements can be made with this
equipment.

•
The sampling approach was recommended for use with the ISA multiphase meter. As already
noted, research to develop water cut sensors of the required accuracy and acceptable cost is
ongoing.

In July, 1997, ISA delivered two a" multiphase meters designed for up to 20 mbopd and
80 mmscfd at Cupiagua wellhead conditions (approximately 1000 psi). The delivery comprised
truck mountable skids including: by-pass piping, valves, S" meters, flow computers, flexible
connection hoses and spares, to ANSI 900 rating.

UK National Engineering Laboratory (NEL)

A trials meter was tested at the NEL as a functional check prior to despatch to Colombia. This
also facilitated training of Colombian personnel in the form of a one-day programme of lectures
and flow loop tours designed in co-operation with the NEL The NEL has subsequently
developed a course and offered it to the industry at large. The NEL resource has been of value
in helping BP take multiphase metering into application.

Total Volume Flow - NEL
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Figure 4 shows the relative deviation between the total volumetric flow stream measurement by
the multi phase meter and the reference measurements of the NEL test loop. These data cover
GVFs ranging from 0% to 99%. The increased scatter below 60 m3/h is associated with
frictional drag of the rotor-bearing system of the 8" test meter and is below design range of
flow. The meter could be tested over the lower half of its flow rate range using full blow-down of
the NEL facility to atmospheric pressure. It exhibits a flat characteristic within ±3%, - close to
the NEL reference system uncertainty (up to ± 2.5% estimated by the author, with allowance for
pressure differences which must be measured by transducers at the reference station and the
test section to correct reference gas volume; and using NEL quoted uncertainties for the single
phase reference streams). The multiphase meter is calibrated on single phase water. This was
performed against a turbine meter in the ISA factory using the manufacturer's calibration.

The agreement in the comparison concurs with the absence of solubility effects of the NEL test
fluids (dead crude oil, Nitrogen and simulated brine - test pressure a few bar at most).

Cusiana Central Processing Facility (CPF)

For an initial phase of testing, a meter was installed in a purpose-built by-pass loop tied into the
test pipeline in the manifold area of the CPF. This allowed direct comparisons with a fixed test
separator and relatively close proximity to workshop facilities during commissioning .

•
Figure 5 - Multiphase Meter Skid at Cusiana CPF

After two months of difficulties and delays, partly associated with the site, a series of well tests
was conducted and some good comparisons emerged, Figure 6. These data were limited in
the selection of wells but demonstrated the repeatability of the meter whilst the trials team
gained in confidence in the operation of the equipment. These good comparisons were
obtained only after the turbine meters in the liquid legs of the test separator were replaced.
This followed the discovery of damage to those meters during investigations to assess if larger
deviations initially observed were attributable to the rnultiphase meter .

•
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Figure 6 - Multiphase Meter Versus CPF Test Separator - Cusiana Field

(The deviation bars are labelled alternately for clarity. The tests are repeats using wells BA-A23
and BA-H15).

Tests using other wells were attempted early in the trial at the nominal maximum flow range of
the meter. Two attempts were made but on both occasions mechanical failures occurred after
several hours of operation. One rotor set was returned to the ISA factory for examination and
the trials were continued with the second meter to obtain the above results but restricted to half
intended full rate. It was concluded that the journal bearings were breaking down under
excessive lateral loading at high flow rates.

During factory experimentation and a fast-track study of rotor dynamics lasting four months, ISA
established that the rotor design was mechanically unstable owing to an inherent static out-of-
balance. This factor had not been understood by the original design team responsible for
developing the smaller prototype prior to ISA's involvement. As a result of the factory studies,
ISA successfully developed the manufacturing process to compensate for out-of-balance rotor
dynamiCS. Good vibration characteristics have now been demonstrated across range.

Well Pad Tests.

In parallel with the factory investigations, field tests were continued using the second meter
(restricted to half range) to assess the accuracy and repeatability of the measurements at •
different well locations in the Cusiana oil field. This allowed some assessment of reliability, not
only by accumulating run-hours in various well streams (with the meter rotors in an out-of-
balance state) but additionally by subjecting the equipment to transport on the poor track
surfaces in the oil field. As well as having a poor surface in some places (including river
crossings), the tracks are narrow with sharp bends around hilly terrain. The ISA skid pivots on a
base frame which enables it to lay Iowan the back of the truck during transport.

At first, poor results were obtained from comparisons with the portable test separation
equipment (errors of up to -40% on liquid phase flow rate; up to 20% on gas flow rate). The
explanation for this was clouded by the fact that simultaneous testing with the multiphase meter
and test separator connected in series was not attempted. Significant differences in wellhead
pressure between the two cases (up to 100 psi) could result owing to large pressure drops
associated with the test separation equipment and the measurements by the two systems were
typically separated by a few days. Nevertheless, it was felt that the errors were too large.

Tests were repeated against the CPF fixed test separator on a well previously used for the
earlier successful phase of testing. The errors were unacceptably high with the meter located at
the well pad. The meter was then relocated at the CPF manifold area test loop site but the •
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earlier good agreement was not repeated with the multiphase meter reading a low oil rate and
high gas rate relative to the CPF test separator. The magnitude of the deviations was not
repeatable as tests were repeated.

Thorough investigation of the multiphase meter on site revealed no faults. Its readings indicated
well behaviour not inconsistent with that observed earlier when good agreement between
systems had been seen. In view of the volumetric accuracy of the multiphase meter observed
~gainst the traceable references of the NEL, site operational personnel were advised to check
the test separation facilities. In particular, the system consisted of a number of branches with
single block valves, between the multiphase meter and the test separator, which could pass
fluid.

Thinking had become polarised at several levels of the BP·organisation in Colombia that the
multiphase meter did not work. The reluctance to question the existing (and familiar) systems
was rapidly dissolved on the discovery of a number of leaking valves, both within the CPF
manifold area and some by-pass legs of the portable and well pad facilities. There was some
evidence that this problem had been aggravated by operational debris, including proppant (~fracn
sand).

The testing campaign was renewed with the return of the rotor set from ISA incorporating the
improved state of balance. A further series of well tests was conducted, including some at
maximum nominal total volume rate. These were more rigorous, using the service company test
separation sets coupled directly in series with the multiphase meter at the well pads. Careful
attention was paid to valve integrity, reference meter condition and calibration (which included
local gauge tank facilities, dead weight tester, etc), and regular hourly sampling for carry-over in
the separator gas leg streams in addition to monitoring of level and pressure controls. In some
cases, two parallel test separators were needed in series with the multiphase meter to cope with
capacity. Good comparisons followed as shown in Figure 7.
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Figure 7 - Multiphase Meter Versus Portable Test Separators - Well Pads - June/July 1998

This follows on from the good earlier results obtained at the Cusiana CPF. There, the meter was
located approximately half a mile downhill from (and upstream of) the test separator and a few
kilometres, over terrain, from the wellheads. Eight hour test periods, with a preceding purge,
were typically used. This was needed to allow for liquid hold-up effects in the flow-lines.
Generally, the trial has demonstrated to site operations how, with the meter located at the well
pad, a reduced test time can be used, allowing considerable logistical benefits.



Site operational engineers are using the multiphase meters as stand-alone units on the basis of
the results obtained and having demonstrated benefits in their use. The evaluation of reliability
continues in service. Questions remain regarding the conventional test separation metering
systems, including the liquid (turbine) meter gauge tank systems. These aspects will be
pursued further as opportunities arise within operational schedules (including more in-series
comparisons with the multiphase meters) in order to tighten the understanding of the
comparisons further.

•

Increasing attention was paid to the test separator equipment. The high gas fractions of the well
streams, 75% to 95%, dominate the total volumetric reading of the multiphase meter, which,
being of a positive displacement design, could be expected to show some under-read of gas
flow rate. On average, the opposite has been observed. Sampling and purging from the test

. separator gas metering runs, which use Daniel senior orifice plate fittings, has revealed
instances of liquid carry-over. In some cases, buckling and slight wear of plate edges has been
noted. Such effects may have caused these reference gas meters to read low.

•
Persistence has been needed to ensure consistency between the different metering systems in
the use of PVT equations. The specialist equation of state methods employed for the trial and
supporting fluid property measurement data are beyond the scope of this paper. The pre-
existing equations used for the various test separator systems were all different. Both these
systems and the multiphase meter rely on fluid property data as input in order to derive phase
volume flow rates and report in standard units. Analysis of the sample data and equation of
state correlation on which this input depends continues for meter testing on the Cupiagua gas
condensate fluids.

It is important to re-emphasise that the multiphase meter was factory calibrated on single phase .
water. Apart from repeatability checks of the gamma densitometer counts during commissioning
operations in the field, no adjustment or re-calibration has occurred at any stage through the
testing at the NEL and in Colombia. The accuracy and repeatability of this metering principle,
demonstrated during previous field trials of the 4" prototype [2, 3], is now being confirmed for
larger designs. The insensitivity of its calibration to flow conditions and installation sites is key to
the practical use of multiphase meters, particularly for applications such as in Colombia.

4 CONCLUDING STATEMENTS

The purpose of this paper was to present the current status of BP's first applications of
multiphase metering. These applications are the next major step in taking development of the
technology from the research and test phase towards confident commercial deployment.

A key part of this early phase of deployment is the process of verification. One of the main ways
in which multiphase meters will gain acceptance is by comparing measurements at operational
sites with those from separation metering systems; - commonly, test separators. During
technical forums on multiphase metering, much has been said about the accuracy (or lack of it)
of test separator metering systems.

Provided the test separator and associated equipment are correctly designed, operated and
maintained, meaningful evaluations of multiphase meters are possible. The failings of
separation measurements across the industry, where they occur, often result from a lack of
adequate attention to these areas, particularly with today's pressures of reduced manpower.
Clearly, the verification process can be more difficult over long tie-backs off-shore, such as with
the ETAP subsea meters. The field trial experiences presented here have highlighted the
importance of a rigorous approach.

.e
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Simple, transparent and reliable multiphase metering techniques will greatly diminish the quality
assurance burden. Through its development of such multiphase metering methods,
incorporating sound fundamental physical principles, BP Exploration can substantiate these
concluding statements with a series of consistent and repeatable field data, both recent, from
fields in Colombia, and from earlier trials at Prudhoe Bay (2).

With a willingness of the meter manufacturer to co-operate in an open way to ensure successful
operation, BP is already realising some business benefit in its first applications of multiphase
meters. Demonstration of reliability will now be important to the evolution of multiphase metering
in BP's ETAP and Colombian oil fields.
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1 INTRODUCTION

It is said that necessity is the mother of invention but several necessities had to come together
for the development of ESMER (Expert System for Multiphase Flow Regime Identification and
Metering). The first was the need to work within a low budget in setting up a new laboratory at
Imperial College in 1986. The brief was to set up a multiphase laboratory and conduct a
research programme in topics which are of interest to the oil industry. One topic which appeared
to be of interest to the oil industry was multiphase flow metering. A commercially available multi-
phase flow meter did not yet appear to be available. To stay within budget the team chose a
development path based on simple off-the-shelf sensors and electronics, avoided spool designs
more complicated than a straight piece of pipe (no mixers) and placed maximum emphasis on
modeling the natural features of multiphase flow by software. At this time Personal Computers
were just beginning to offer adequate power for on-line digital signal processing. The strategy to
keep hardware simple and to build a flow meter with standard off-the-shelf components has
remained to date.

The second necessity was the long term requirement from Shell Expro for low cost, high
performance multiphase meters. It was evident that the major benefit to Shell Expro from
multiphase meters would come when it was practical to use them to allocate production from
several operators feeding into common facilities. When approached by Imperial College in 1989
to co-sponsor further ESMER development, Shell Expro saw the potential of the technique, but
asked that another two guiding principles be followed. A multiphase meter using simple
hardware was to be developed as a low cost meter in its own right, but the signal processing
electronics was to be kept sufficiently general that there would be the possibility of enhancing
the performance of other manufacturer's meters without having to change out the hardware.
Shell Expro has remained the largest industrial sponsor for ESMER.

The third necessity was a metering system supplier willing to participate in field prototype
development and commercialisation. By 1995 ESMER was in danger of becoming yet another
good idea that failed to reach the market. The concepts involved in ESMER were perceived as
being quite strange and were not readily received by companies who considered measurement
from a mechanical viewpoint. rather than a signal processing one, Companies already working
on multiphase meters had enough to do in developing their own ideas. Spectra Tek (later bought
by Daniel Industries) wanted to be involved in multiphase metering, but did not wish to develop
expensive hardware. They had set up a subsidiary company for marketing complete metering
systems that was an ideal vehicle for developing field prototypes.

This paper describes the first field prototype flow meter which has been working at Shell's Auk
Platform since July 1997 and discusses the tests that have been carried out to establish its
performance.

2 MULTIPHASE FLOW

It is necessary to take a brief look at the fundamentals of multiphase flow to understand the
ESMER methodology .•



There have been two fundamentally different schools of study of multiphase flow. The traditional
school began by visual observation of the flow aiming to construct a universal flow regime map
[1]. For reasons described next, an unequivocal a-priori determination of the flow regime was
central to the traditional approach.

"Universa1isation" was hampered not just by complex fluid behavior but also by the subjective
nature of the visualisation effort and the language of the descriptions. "Wavy whisf' flow regime
can be cited as an extreme example. For mathematical modeling the traditional school adapted
the theory of single phase fluid mechanics to multi-phase flow by adding adjustment coefficients
into the deterministic Newtonian fluid mechanics models. Those serving engineering interests
preferred the Bernoulli equation and those serving scientific interests the Navier Stokes equation
as the foundation on which adjustments were applied. The reasons given for the adjustments
were the characterisation of shear stresses between the phases in different flow regimes. For
example, in bubbly flow these would be modeled one way, in annular flow in another way often
with reference to a simplified and deterministic "wire diagram" of the flow regime.

A new school of multiphase investigators appeared in the late seventies provoked by new
developments in sensors and electronics. These observed multi-phase flow at sampling
frequencies matching the time scales of the turbulence in the flow and chose probabilistic
methods for mathematical modelling of the observations [2,3,4,5,6,7,8,9,10].

3 EXPERT SYSTEM FOR MULTIPHASE FLOW METERING

This is when the team at Imperial College entered the foray. It was still early days of application
of digital signal processing in multiphase investigations. Quite a number of our predecessors in
the "new" school were equipped with analogue electronics analysers which gave them a limited
range of mathematical capabilities. The precursor of ESMER was the freedom of mathematical
analysis offered by the digitisation of the random time series of the turbulent hydrodynamiC
signals. The whole range of signal processing mathematics as applied from voice recognition to
seismic analysis to medical science could now be imported off-the-shelf. An extensive
programme of theoretical and laboratory investigations was conducted at Imperial College
between 1986 and 1994 examining and classifying the random characteristics of multiphase flow
by digital signal analysis methods [11, 12,13,14,15,16,17,18,19].
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The concept of ESMER can be generalised as Mleamingfrom experience". As a start one can
classify the approach as an application of artificial intelligence to multiphase metering. To put it
into context; ESMER learns that certain combinations of the flow rates of individual phases give
rise to particular characteristics of the random turbulence signals. That is, ESMER
characterises and classifies the properties of the turbulence signals in terms of the individual
phase flow rates. When the experience is sufficiently mature and reproducible ESMER can
begin "predicting" the flow rates from an observation of the characteristics of the random
turbulence signals.

There are two further points which must be clarified on a conceptual level. First, one must
"purify" the experience as manifested by the surrogates of the turbulence (i.e. the pressure
signal). This means enhancement by feature extraction and filtering. Second one should assist
the classification by human experience. A simple example of such experience is to "tell" the
system that a certain observation is taking place in a horizontal flow line rather than a vertical
flow line. It is this second point which has permitted us to call the methodology an "Expert
System". The expertise of the human investigator can be and should be imparted into the model
in many ways. For instance with reference to an operator's experience on a particular well or
with reference to the legacy of classical fluid mechanics. ESMER has taken advantage of this
legacy in selecting the "training targets".

To summarise the philosophy of ESMER and to define its distinctive character, we can say that
ESMER is a flow measuring system that learns by example rather than being dictated by the
conceptual and deterministic fluid mechanics models .

•
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4 EQUIPMENT

The prototype flow meter (named AukESMER) comprised a non-intrusive 4 inch diameter
pipeline spool of 2m length fitted with high frequency pressure sensors (Druck and Statham) and
impedance sensors (Meridian). The spool was assembled by Daniel Europe Ltd.

The electronics comprised an impedance meter (PSL) and a PC (Gateway) fitted with a multi-
channel AID. A software system developed by PSL ran on the PC Windows platform for
sampling, analysis and graphical display of the measurements.
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Figure 4 GA Drawing of Spool Piece
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Figure 5 Photograph of Spool Piece

The signal sampling parameters were as follows: sampling frequency of 800 Hz, sampling
period of 40.96 s, processing time of 30 secs. The measurement frequency was once every
three minutes. A set of features were derived from AP, Top DP, Bottom DP, radial DP and
conductance signals under the above sampling conditions.

•
Figure 6 AukEsmer User Interface

A distinctive character of the equipment is that there is no flow conditioner which aims to impart
on the equipment the "conceived" properties of an ideal flow regime. To the contrary, the
equipment benefits from the "natural" occurrence of the flow regimes existing under a given set
of pipeline and physico-chemical conditions.

This last statement gives rise to the justifiable concern that ESMER requires some in-situ
calibration. This is true but the difference between ESMER and any other commercially
available technique appears to be one of degree as we shall proceed to demonstrate.•
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5 CALIBRATION •The primary calibration of the system was conducted at the National Engineering Laboratory.
Tests were conducted under the following range of conditions:

Water cut (25gl1MgS04 and 50gll MgS04): 5% to 75%
Oil flow rate (Forties Crude/DaO Kerosene Mix 70/30): 0.2 to 4 m/s
Gas flow rate (Nitrogen): 0.4 to 20 m/s

The data samples were separated into two groups. One group was used for calibration and the
other for testing.

The calibration procedure was as follows. A set of features were derived from each sensor, an
optimum feature set was selected and a back propagating neural net was trained against
reference measurements of the flow rates of individual phases.

The test procedure was as follows. The test group of samples were passed through the neural
net predictor algorithms and the result of the predictions were compared against the recorded
reference (single phase) measurements for those test paints. The results are shown in the
following figures. Relative error is defined as (Measurement - Actual) 1Actual.

30+---------------------r-----------------------------------~
40~--------------------------------------------------------,

-20~ ~

0.1 0.2 0.3 0.4 0.4 0.5 0.7 O.S 1.0 1.3 1.9 3.1
Reference 011Velocity. m/s

Figure 7 Oil Velocity Relative Accuracy

Figure a Gas Velocity Relative Accuracy
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•
The next figure shows the statistical distribution of error. The scatter is symmetrical and the
resulting average (e.g. daily) flow rate should exhibit a smaller error than individual
measurements.
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AukESMER was installed on the Shell Auk Platform in the North Sea in June 1997. The neural
net obtained from the laboratory tests at NEL became the primary "factory" calibration with the
intention for it to be "tuned" for field conditions (with as few in-situ measurements as possible).
On the first two trials in July and October 1997 no secondary reference measurements were
available to execute this strategy. The meter was left in an operational condition gathering
original turbulent data samples which were shipped to base for analysis on a regular basis.

The first quantitative field re-calibration and tests took place between 29 April and 4 May 1998.
During these tests a production separator was dedicated to the well. It was run by the platform
supervisors and TracerFlow measurements were carried out by SGS Redwood to provide the
reference flow rates. Three reference paints were collected at 100, 75 and 50 percent of the
full operational flow rate. The flow rate was controlled by varying the water injection rate into
the well. Water-cut reference was measured by base sand and water (8S&W) measurements

Figure 10 Statistical Distribution of Measurement Accuracy

6 FIELD TEST OVERVIEW
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7.2 Test procedure

well. Water-cut reference was measured by base sand and water (BS&W) measurements •
collected on an hourly basis. The gas flow rate was measured by an orifice located at the gas -
outlet of the low pressure (lP) separator, and the oil flow rate was measured by a turbine
located at the oil outlet of the low pressure (lP) separator. Within the time permitted on the
platform, the ESMER factory calibration was re-tuned with the inclusion of two points drawn from
the separator measurements at 100 and 75% flow rates.

Upon return to base, a detailed program of study was started to analyse the extensive data
gathered from the platform to develop I propose more advanced methods for fine tuning the
factory calibration. In the first stage of the study, the factory calibration was re-tuned by drawing
data from three flow conditions described qualitatively as 100%,75% and 50% of the full
operational conditions. The tune up data was drawn from measurements conducted on a single
day (1.5.98) and constituted a sparse contribution to the factory calibration database.

Measurements were then simulated for three days of operation (two days of which is
independent of the data used in tuning up the calibration) and compared with the average
reference measurements. This means a moving average of one hour against the separator and
ten minutes against the tracer. Under stable operating conditions ESMER matched the
separator and the tracer measurements with an accuracy of better than ±10 percent. The match
was better than ±15 percent at low flow rates. The disagreement is thought to be largely due to •
the instability of the flow conditions at low flow rates where large changes were observed in the
flow rates over the respective averaging periods. .

On-line record of measurements taken by ESMER, updated every three minutes, show that
ESMER correctly trends the changes in the flow rates in real time. As these changes were
imposed by the operators cutting down on water injection rate into the well, there is an accurate
time log of the expected changes. These accord very well with ESMER's predictions.

7 FIELD TEST DETAIL

7.1 Referencemeasurements

Reference flow rates were provided by the operators from a separator and by the service
company, SGS Redwood, from a TracerFlow technique.

The separator sampling conditions were:
• Time weight average oil production rate (equivalent to Ubucketand stop watch method") over

0.5 or 1 hour.
• Time weight average water flow rate from Bs&W and oil production rate as above. •

TracerFlow sampling conditions were:
"Snap-shot" measurement of the oil /water production rate every ten minutes.

The time table of the events and numbers of samples collected during the calibration process is
summarised on the next table. The tests were conducted in three phases by successively
cutting down on the production rate by reducing the water injection rate into the well. These are
referred to as Phase A-100%, B-75%, C-50% of full operational conditions with a period of
change I stabilization in between. The percentage stated here is an intended effect of the cut
back. In reality, the calibration and testing exercise was based on the on-line reference
measurements obtained from the separator and tracer flow. These measurements do not in fact
corroborate the intended cut-back but the % labels are retained for ease of reference.

•
Page 8



e Table 1 - Summary of Calibration Reference Measurements

OatelTime Production Number of Number of Number of
1 May 1998 Condition As a Separator Esmer Samples Tracer

"Notional" % of Samples Samples
Operational Flow

12:00 - 15:00 100 % 3 52 10
15:00 - 16:30 reducing flow rate 24

stabilisation time
16:30 - 19:00 75% 4 33 10
19:00 - 20:00 reducing flow rate 7

stabilisation time.
20:00 - 22:00 50% 6 38

7.3 Tuning the factory calibration

For the Liquid I Gas Neural Net the training data set (the calibration database) comprised 50
factory points and three field measurements obtained on 1 May 1998 at 100, 75 and 50 percent

• flow rate data. For the Water Cut Neural Net the training data set comprised 133 factory points
and three field measurements on 1 May 1998 at 100, 75 and 50 percent flow rate data. The in-
situ calibration requirement exemplified in this study, which we believe shall prove to be typical
for ESMER, does not appear to be more demanding than the requirement faced by other multi-
phase flow meters. In due course, the learning concepts underlying ESMER should in fact aid to
reduce the in-situ tuning requirement further. This will be achieved with reference to a universal
database of multi-phase flow characteristics maintained at base.

7.4 ESMER vs Separator

We begin with tests conducted on 1 May 1998. While the training and test data overlap for this
date, the range of data and observations offer greater variety and a better opportunity for
verification of the compliance of ESMER with trends than the observations and measurements
made on the preceding two dates. Besides, TracerFlow measurements are only available for
this day.

The tests were conducted in three stages by successively cutting down on the production rate
by reducing the water injection rate into the well. These are marked as Phase A-100%, 8-75%,
C-50% of full operational conditions with a period of change 1 stabilization in between. The

• following charts show the results of the predictions point by point every three minutes (with a
moving average of 5 points 115 minutes) between 12.01 and 22.30 hours. (The gap between
19:00 and 20:00 is due to a shut down of the sampling procedure). It is seen that ESMER
trends the known variations extremely well for all three phases. These are reported individually
in turn.
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• Figure 11 Oil Production at Well AA06 on 01/05/98
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Figure 12 Water Cut Measurement at Well AA06 on 01/05/98
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Figure 13 Gas Production at Well AA06 on 01105/98

The results of tests for 30 April 1998 are reported next. On this day well AA06 was connected to
the LP separator and measurements were taken on an hourly basis from 8:00 to 10:00 at "100%
of full production" and from 10:00 to 12:00 at "50% of full production". The results shown in
following diagrams are in excellent agreement with the known trends.
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Figure 14 Oil Production at Well AA06 on 30/04/98
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Figure 15 Water Cut Measurement at Well M06 on 30/04/98
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Flow rates predicted by ESMER every three minutes were evaluated against the reference
measurements provided by the separator over an averaging period dictated by the separator.
Separator measurements were obtained every hour, compared with every three minutes for
ESMER and every ten minutes for TracerFlow. Thus a comparison was facilitated by averaging
ESMER's predictions and the TracerFlow measurements over the course of one hour. The
deviation between the average oil flow rates measured by ESMER and the Separator over the
three stages of the tests are summarised in the table below.•
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Figure 16 Gas Production at Well AA06 on 30/04/98

7.5 Averagemeasurements
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Table 2 Comparison of Average Measurements over a Period of Observation ESMER vs •
Separator

Date/Time Production Deviation Deviation Deviation
1 May 1998 Condition As a (ESMER- (ESMER- (ESMER- Separator)

"Notional" % of Separator) Separator) IESMER*100%
Operational Flow IESMER*100% IESMER*100% Gas Flowrate

Oil Flowrate Water Cut
1May 100% -4.5% 0.6% -4.1%

12:00 - 15:00
16:30 - 19:00 75% +6.1%, -1.5% nla
20:00 - 22:00 50% +14.9% -0.2% nla

30Apr 100% +1.2% -1.2% +0.5%
9:00 - 10:00
11:00-12:00 50% -6.4% nla +60%

29 Apr 100% 8.3% -0.7% 2.8%
15:00 - 19:00

A large discrepancy was observed for gas flow rate on 30 April. We believe that this is simply •
due to the mis-match between the averaging periods of the two measurement systems when the
flow conditions have not yet stabilised. For example, at 10 am, when ESMER averaging
process starts (for the 11 am average at 7905 m3/d) , the gas flow rates is still at the initial full
production level.

7.6 ESMER vs TracerFlow

First a few words about the Tracer Technique itself. Two types of chemicals (fluorescent dyes)
are injected into the well head. One dye is soluble in oil and the other is soluble in water only.
The injection continues at a constant rate for about 100-120 minutes. The technique requires
approximately 100 pipe diameter distance between injection and sampling points for complete
mixing. Since it is impossible to find a straight pipe section of this length on platform, the
distance was kept shorter with the assumption of complete mixing of the dyes with the individual
oil and water phases considering the effect of several bends on the way. The sampling point
was set at about 4-5 m downstream of ESMER spool. The samples were collected by leaking
flow into test tubes at 10 minute intervals during a 90 minute pertod. The samples were given 3-
4 hours for separation and then analyzed under fluorescent light to detect the amount of dye in
each phase. The main disadvantage of the technique is that it requires stable and homogenous •
flow. The slug flow regime does not produce reliable results.

The benchmark tests were based on the same calibration system described above. That is, the
TracerFlow data was not used in the calibration exercise up to this point. However, it should be
said that there is no fundamental objection to using the TracerFlow measurements in the primary
factory calibration Ire-tuning of the ESMER system (under those flow regimes where it works).
In principle TracerFlow should offer a better spatial and temporal match for the characterisation
of the flow conditions in the pipeline than the separator. As shown on the diagrams below the
TracerFlow measurements were obtained every ten minutes and they facilitate a comparison
between TracerFlow and ESMER drawn on a ten minute averaging period.

Page 12
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Figure 17 Comparison of ESMER vs TracerFlow at 75% production

• The next table summarises the average deviation between the two measurement systems. The
average is applied as an arithmetical average of measurements taken every ten minutes over
the full course of the two stages of the tests labeled as 100% and 75% production conditions.

Table 3 Average Deviation between ESMER vs Tracer

Ref DatefTime Production Deviation Deviation
29 Apr 1998 Condition As a (ESMER- Tracer) (ESMER- Tracer)

"Notional" % of IESMER*100% IESMER*100%
Operational Flow Oil Flowrate Water Cut

A 13:45 - 15:15 100% -6.3% -3.2%

B 17:00 - 18:30 75% 17.4% -7.8%

8 CONCLUSIONS

The ESMER approach to multiphase metering. using simple sensors and complex signal
processing, can be readily applied in oil field applications. However, there are relatively few
people at present with a feeling for how the ESMER approach works. This has been the main
difficulty in promoting ESMER during its development to date.

The system tested on Auk, comprising a straight pipe with off-the-shelf pressure and impedance
sensors, gives results which bear good comparison with any available multiphase meter. The
accuracy of the meter is about 10-15% relative on all three phases.

Adjusting the laboratory derived meter calibration to field conditions proved relatively
straightforward. A few field sample points based on the operators' experience were added to the
laboratory data and the system was retrained.

The ESMER approach is particularly suited to low cost/medium accuracy applications, but there
are no fundamental limits to the performance that can be achieved using this approach. This
means that with improved sensors, and, more importantly, with better quality training data, high
performance multiphase metering is perfectly feasible without Significant increase in hardware
costs .
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ABSTRACT

The Kvaerner DUET multiphase flow meter" (MFM) determines the flow rates of oil, water and
gas in pipelines from oil wells. The MFM consists of two specialised gamma-ray transmission
gauges, and pressure and temperature sensors, which are mounted on a pipe spool carrying
the full flow of the well stream, and processing electronics which are located in a control room.

The prototype MFM has recently completed, what the authors believe to be, the longest ever
operational period of an MFM anywhere in the world: from November 1994 to September
1998. This paper details the associated testing and method of using the MFM to reduce load
on the facilities offshore" A description of the condition of the MFM at removal, including the
physical condition of the composite windows, MFM electronics and the flow tube, and to the
state of the head electronics is given. Also, the flow rate algorithms for the production MFM
have been tested on existing MFM data and comparisons made between each trial result.

1 INTRODUCTION

The Kvaerner DUET MFM originally was developed by CSIRO (Commonwealth Scientific
Industrial Research Organisation). In 1997 Kvaerner Oilfield Products signed an exclusive
licence agreement with CSIRO for production and further development of the DUET MFM.

The field trial of the prototype MFM occurred on the West Kingfish offshore oil platform from
November 1994 - September 98. The platform is located in the Bass Strait off the South
Eastern Australian coast and is operated by Esso Australia. This installation was chosen as
test site because of the quality of flow measurements available from an up-rated test
separator and metering skid

During the trial, well streams were sequentially routed past the MFM which was mounted on a
pipeline between the test manifold and the test separator. The bore of the test pipeline is
139.7 mm. The typical test pressure is about 15 bar, and fluid temperatures up to 96°C.

This paper describes the MFM installation and use over the almost four years of continuous
operation. A detailed description of the excellent condition which the MFM was found to be in
after removal is given and the flow alqorithms are tested on existing MFM data.

2 THE DUET MFM

2.1 Principles

The DUET MFM consists of two specialised gamma-ray transmission gauges, and pressure
and temperature sensors, which are mounted on a pipe spool carrying the full flow of the well
stream. In the prototypes the processing electronics were located in a control room. The first
gauge, a density gauge, measures the intensity of 662 keY gamma-rays (137CS) transmitted
through the fluids in the pipeline. The second, a dual energy gamma-ray transmission (DUET)
gauge, measures the transmitted intensities of 59.5 and 662 keY gamma-rays from 241Amand
137CS .

•



All flow rates are calculated from separate determinations of water cut (We) and flow rates of
liquids and gas. Water cut is determined by dual energy gamma-ray transmission. The flow
rates of liquids and gas are determined mainly from measurements of mass per unit area of
liquids across a diameter of the pipeline by the density gauge; flow velocity from cross-
correlation of the outputs of the two gamma-ray transmission gauges; and operating pressure
and temperature in the pipeline. Gas volume fraction is calculated from the internal diameter
(I.D.) of the pipe, the densities of oil and formation water at the line operating pressure and
temperature, and the combined thickness of oil and water in the gamma-ray beam. In
calculation of liquids and gas flow rates from these measurements, corrections are applied to
make an allowance for slip between the liquid and gas phases in different flow regimes. Oil
and water flow are respectively determined by multiplying liquids flow by (1-WC) and by we.

The DUET gauge determines the mass fractions of oil and water in the liquids. The basis of
this determination is the difference in atomic number of the oil and the formation water. The
intensity of the transmitted 59.5 keV gamma-rays depends both on the atomic number of the
fluid constituents and the mass per unit area of the fluids in the gamma-ray beam. The
intensity of the transmitted 662 keV gamma-rays depends on the mass per unit area of fluids
in the gamma-ray beam. Water cut is determined by combining these two measurements and
the densities of the oil and formation water at the pressure and temperature of the flowing
stream of multiphase mixture.

2.2 Hardware and Software

The DUET gauge requires low atomic number windows to ensure adequate transmission of
the low energy (59.5 keV) gamma-rays. Thick windows of carbon fibre reinforced epoxy
composite are incorporated into the DUET MFM. The inside surface of the carbon fibre epoxy
window, exposed to the multiphase fluid, is shaped to match the curvature of the cylindrical
inner walls of the ring, which has the same I.D. as that of the production pipeline. These
windows are sealed with 0 rings to contain the process fluids [pressure tests at up to
10,000 psi have proved the integrity of the system], and, for the production version, a fully
metal-to-metal sealed containment system surrounds the windows to prevent escape of
production fluids in the unlikely event of leakage.

3 WEST KINGFISH PLATFORM

The very narrow beam of gamma-rays emerging from the radioisotope source containers
traverse a diameter of the pipeline. The transmitted gamma-rays are absorbed in the Nal
crystal of the scintillation detector. For the DUET gauge, the intensities of the 241Amand mes
gamma-rays are separately determined using pulse height analysis. The detector systems
are mounted in explosion proof housings. The electrical signals from the detectors are carried
via armoured cables, first to a flameproof junction box and from there to the processing
electronics. Power is carried by the same armoured cable. The processing is undertaken by
a fast nuclear counting system, and the outputs, in the form of counts, are processed by an
industrial computer. The computer outputs the flow rates, water cut, and various other
parameters which are displayed in computer graphics. The MFM presents the flow rates of
oil, water and gas to the platform control system by a serial interface.

Esso Australia Ltd. operates, for the Esso/BHP Joint Venture, all the oil platforms and gas
production facilities in the Bass Strait, Australia. The MFM trials were undertaken on the West
Kingfish oil platform which lies 70 km from the coast in 80 m depth of water.
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• 4.1.2 Determination of liquids and gas flow rates

The algorithms used to calculate the gas and liquids flow rates from the parameters measured
by the DUET MFM have been developed progressively. The same algorithms have been
applied to data gathered during all trials, using physically different flowmeters and different trial
sites. The results from a trial at the Humble test facility are illustrated in Figures 8 and 9
below.

These sample data are indicative of the results from all DUET field trials and show that liquids
and gas flow rates are determined to accuracies of ±10%, independent of whether the flow
regimes in the DUET MFM are dispersed, intermittent or separated.

Differences between the fluids used in the different trials have not caused systematic offsets in
the flow rates determined by the MFM and have shown that the measurement accuracy is not
dependent on the pipeline fluids.
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4.2 Reliability •The DUET MFM has proved to be reliable on the West Kingfish platform. The carbon fibre
epoxy windows in DUET gauge ring have been demonstrated successful, with the windows
showing no detectable wear over 43 months on-line. There have been five failures of the
MFM equipment over the extended period of its operation on the platform: a hard disk crashed
irretrievably within 2 weeks of installation, a fan in the processor box failed after 7 months of
operation and again after almost 3 years. The heater control circuit needed modification after
2 years. Both the fan and heater unit have been phased out of the production versions of the
Kvaerner DUET MFM. A modem also failed after one of the lads used it as a saw bench! All
of these breakdowns occurred in the processing electronics in the control room where access
and repair were Simple, and none have occurred in the head units mounted on the pipeline. In
fact, the two electronic head units in the field have never been opened, and have operated
without incident since installation. These head units remained installed at all times, without
maintenance intervention, during the four year trial.

One reason for the reliable operation of the MFM is that it is non-intrusive and does not
depend on use of moving parts as with, say, turbine meters. The West Kingfish trial has
demonstrated that the DUET MFM is highly suited to unattended operation on offshore oil
platforms. •4.3 Calibration

The determination of water cut is now well understood, and calibration has now been
simplified to making sequential measurements with the pipe filled with (static samples) oil,
formation water and gas, and knowledge of the densities of oil and formation water, and the
solubility of the gas in the fluids, as a function of pressure and temperature. The gamma-ray
measurements required for calibration on static samples can be undertakenon-line at the field
site, using samples at factory calibration or by calculation from fluid composition data.

4.4 Operational Advantages

The Kvaerner DUET MFM has important operational advantages over the test
separator/output meters system. The DUET is more reliable and requires far less operator
support and time for determination of the well flows than test separator systems. The MFM
operates continuously with operator intervention only being required to switch the appropriate
stream through the pipe on which the MFM is mounted.

Since the DUET MFM can be mounted on the pipeline between the manifold and the
production separator, there is no need for stabilisation of the well flow prior to the MFM
measurement. An Esso operator explains; "There can be a bottleneck which can lead to back
pressure on the well. It can take up to two hours to stabilise the well flow before testing. On
top of this the separator's turbine meters are prone to blockages which can lead to delays for
hours as well as wear and tear." (The Tiger, 1995)

Operator intervention is also required with the test separator when there is a considerable
change in flow rates of oil or water or gas to ensure that the single phase output streams are
routed to the appropriate output meter. For example, on the West Kingfish platform, the
output oil and water streams are monitored by turbine meters, with both high and low flow
meters on each stream. The gas flow output is metered by a high range orifice plate and a
low range vortex meter. The one DUET MFM on the West Kingfish platform measures all the
component flow rates from all the wells fed to the platform; six single phase flow meters are
required for use with the separator. The MFM has been shown to operate over a much wider
range of flow rates of liquids, oil, water and gas than can be handled by the test separator and
its output meters.

•8
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• 4.5 Engineering and Other Developments

The MFM can be adapted for use on a wide range of pipe diameters simply by adapting the
design of DUET meter body. The DUET gauge with the 24'Am and 137esradioisotope pair is
suitable for use on pipelines with diameters between 4 and 12 inches.

The current limits of the DUET MFM operating range have been extended to up to 95% GVF,
with velocity up to 25 m/s. It is expected that further development of the MFM will extend the
operational envelope up to 98% GVF in the very near future.

5 CONCLUSION

The DUET MFM has been successfully demonstrated in the almost four years of continuous
operation on the West Kingfish platform. Further concurrent trials of prototype and production
standard DUET flowmeters at the Humble and NEL multiphase flow facilities have
demonstrated that the performance of the flowmeter is transportable across physically
different hardware and to different sites with differences in the composition of the
hydrocarbons and produced water. Each of these trials has demonstrated reliable and
consistent operation and measurement performance of the DUET MFM.• REFERENCES
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ABSTRACT

Well testing is the basis for reservoir .management, allocation .of production from various wells,
and a key tool to quantify investments. In the past, well testing has been seen by many
operators more as a requirement for obtaining numbers for management instead of use as a
tool for planning and management of resources.

•
New technologies from computing power, integration of command and control into basic
measurement instruments, and mathematical modeling of the fluid dynamics of complex
systems has opened up new opportunities to improve management of fields. A few of these
changes and their impact on well testing will be covered in this paper. The challenge for the
future will be for reservoir and production engineers to utilize the data which these systems
will provide. This information can then be presented to management with the chance to
greatly improve the decision process about field upgrades, tertiary recovery opportunities. and
improvements in manpower utilization.

Examples of relationships between data and the production of oil will be discussed.
EqUipment. which has been designed to incorporate technologies to enhance data obtained
will also be described. A fundamental change in the methods and perspectives of personnel
about well testing data is required to maximize the use of the new technologies.

1 INTRODUCTION

•
In the past. geological and reservoir engineers have focused on interpretation of data obtained
by wirelines and other bore hole techniques along with summary production numbers to
determine and optimize well production. Most of this information is obtained at a very high
cost and can change ovemight due to many factors beyond the engineer's control. Data such
as water or miscible injection rates and production pressures. temperatures, flow rates of oil,
water and gas are obtained on a regular basis and are shared among the various engineering
groups. This latter data is the day-to-day operational information for evaluation of the
production from a given field. The most fundamental information is contained in the well test
data. This well test data is typically taken once or twice a month in most fields in the
Americas.

It is interesting to look at some expectations of prior periods in time. In 1964, the following
was stated by George Kite [1):

"Various arrangements for three-phase separators are in wide use but are often
unnecessarily expensive and complicated; frequently they leave much to be
desired insofar as accuracy. operator convenience and adaptability to automation
are concerned.

The instrumentation system discussed automatically and continuously meters and
monitors an oil water stream containing ... or any combination thereof, and,
without physical treating or separation, provides an accurate digital readout of net
clean oil volume, directly in barrels.

•



No calculations, conversion factors, or interpretations are required; data are
presented instantly, continuously and cumulatively in the most usable form. In
addition, electrical digital signals for remote counting and an electrical analog
signal for remote percentage water indication or recording are available at the
computer terminal block."

•
Today, the industry is still stating that the current systems are expensive, operator intensive,
inaccurate, and difficult to maintain. The proliferation of Seminars, Joint Projects,'
Conferences and Workshops concentrating on KMultiphase Measuremene emphasizes the
industry is looking for better technology. The perfect solution would be compact, non-
intrusive, low pressure drop, accurate, inexpensive and simple to use. This is a good
description of what "Multi phase Measuremenf is trying to accomplish. The question is how
long will it take to get there and to what specifications and' price' can each of the markets
requiring this withstand. In the meantime, the industry has not yet solved the basic problems
which have been plaguing them for 30 years.

2 WELL TESTING ISSUES

There have been many forms of well testing, from tank strapping to three phase separators,
two phase separators and now to three phase meters. The "ideal" well test system would be
one that could be put anywhere and give accurate, repeatable results for oil, water and gas
measurement with no additional back pressure on the well. This system would be flexible
enough to be put in any kind of service and be portable enough to be moved from location to
location.

•
Traditionally, the well test designs have been done by various groups throughout the industry
sizing and specifying various components of a testing system. The vessel itself may be
purchased from a separator design company with the remainder specified by an engineering
company. In too many instances, the designer is twice or further removed from the person
specifying the field parameters and needs. In many instances the company designing the
equipment will never actually visit the field or talk to the end users of the equipment that he is
designing. This makes this effort very dependent on the communications between the various
operating groups and leads to many problems once the equipment is on site. Unfortunately,
the well testing system is only too often considered secondary to the rest of the engineering
efforts. Once the equipment arrives on the site and commissioned by a third party the
operation is turned over to the field production groups. The result is that the end user must
make it work. The burden is then on the field technical support groups.

Different segments of the market require different solutions depending on whether the
customer is in the Arctic, South America, or the North Sea. The difference may not
necessarily be in the technology but. more in the application of technology to the field. Heavy
oil vs light oil applications require very different approaches to well test skids. Another
difference could be in the method of presenting the data to the end user. In many cases in the
Americas, the data is taken by operators writing down the various numbers at the site. The
equipment may need to be designed for simplicity or complexity depending upon the
measurement needs, capital money available, and knowledge and sophistication of the
operators of the fields. Several other design parameters than can affect well testing include:
fluid viscosity, water cut, gas oil ratio, oil density, water salinity, gas composition, distance of
test equipment from the well head, flow stability, and reporting requirements of the operation.
Asking questions of various operators, field production personnel, and design companies have
led to the following comments about well testing:

•

1. Reliability and Maintenance - Today, fewer technicians are available, higher
reliability is required; maintenance must be straight forward and simple to
identify the problems. Complex systems must be made understandable.

•2
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• 2. Often there is inadequate understanding of the application at the beginning
which then affects design decisions, selection of equipment, their sizes and
capabilities.

3. Installation, documentation and support of equipment in the field are
insufficient.

4. Presentation of data that is concise and pertinent to the operation.

5. Understanding and evaluation of methods used to validate well testing results
which are often not consistent with accuracy or reproducibility.

Until the measurement, research, and engineering community begins to address these basic
concerns, the industry solution required 30 years ago will still be a dream for tomorrow. The
required outcome of a successful well test is not a measurement system but, instead, is the
data obtained. How the data was obtained is not important as long as it meets the
requirements of the end user of the data.

• One of the most basic problems is that these solutions require very diverse types of
professionals to implement a complete design. Contributing professionals to a successful
design may include: fluid dynamics engineers, process engineers. instrumentation/electrical
engineers, physicists, computer engineers, and involvement with the actual site reservoir,
production, and maintenance personnel. When the requirements in a particular field are
studied, many cases can be seen where the range of liquid and gas flow turndowns may
exceed typical capabilities of a given design. This is because one site may have new wells
and very old ones with varying tertiary methods of recovery. Another common concern is
when a new facility design is completed which was based upon results from one or two
exploratory wells that may not be representative of the range or rates once the field is in
production. Oil and gas measurements are primary concerns but the water issues should not
be forgotten. Important economic decisions based on the water production can be made about
chemicals for corrosion and scale control. If the current and future needs of the same site are
considered. the design of one system to address the solution will be unacceptable, yet this is
the solution commonly chosen. If the professionals could model the designs and
communicate with the field and reservoir engineers, a more flexible design may solve these
issues. Too often, well testing is not considered important enough to concentrate the up front
efforts required to implement a good system. This is surprising since the petroleum company
makes its money on efficient use of its resources for production optimization.

• Since each company, and in many cases each field, will have different computing systems
and protocols. the data collection and storage is not an easy issue to address. The method of
data collection may affect the results to a great extent. The system was designed without
giving enough thought to the effects of how the data was gathered and manipulated. An
example of this is when data is collected through a PlC to a DCS system. The PlC polls the
equipment every 1 second. the results are integrated over a 3-5 minute time frame and then
the DCS polls the PLC for the data. The graphs available to the operator are only the
integrated data points each point separated by a 3-5 minute period. At the actual equipment it
is obvious that the fluids are slugging from 60 m3 to 600 m3 over a 30 to 60 second time frame
because the separator is out of control. The 3-5 minute integration is tong enough that the
data does not show the severe probtem that actually exists. In another case, the dump/fill
cycle of the separator was only 30-45 seconds and the emulsions went from oil continuous to
water continuous and then back to oil continuous. This dramatic change in the fluid properties
created considerable problems in the measurement equipment, and separator control. Since
the data collection was every minute, extremely tong well tests were required to obtain
reasonable data.

•



Since very early in the 1950's the need for well testing and good data from these tests has
been pursed. Results have been very good in fields where steady production flow rates with
low water cuts exist. Other cases exist where the two or three phase separators have been
designed for good control and the oil and water separate readily with standard process •

The actual proposed use of the well test data is not always specified in the beginning.
Whether for field evaluation, development and allocation of production of a new field, process
control, and/or payment of taxes, the manner in which the data was obtained is important to
the validity of the use of-the data for the stated purpose. Field evaluation may only require a
+1- 10% accuracy while fiscal measurement will place much tighter requirements on the
design. If the data is obtained by integration over 10 minute intervals, the problems in
separator efficiency, slug handling, and level control may not be observable in the data.
Conversely, if the data is obtained and displayed on a 5 second interval, most operators would
not interpret the data in a favorable light. The perceived operation of a system versus the
actual operation is very different in some cases. The rapid changing of data due to fluid
characteristics may be interpreted as a problem with the system. Thus, if the same data had
been integrated and presented differently, the same operator would believe the system is
okay. Although unacceptable to the operator; this "fast" data may be of muchjnterest to the
production engineer or the reservoir engineer since it may shed light on the actual
performance of the well, separator and the control system. Data for fiscal use may only be the
sum total oiVwater/gas production per day with all periods less than one day inconsequential.
Any other presentation of the data would be a problem to interpret by the actual user of the
information.

•

Although the selection of the measurement instruments is very important to the end accuracy
and generation of worthwhile data, the instruments are but one part of the system. The
system must work as a whole and the data obtained must be consistent with the end use. The
algorithms used to interpret the data collected from the separate instruments are critical to the
operation of the whole. This is true whether it is a complex state-of-the-art multiphase
analyzer or a two phase vessel with standard instrumentation. The combination and handling
of the whole system is critical to performance in the application.

•
Next, the incorporation of high technology into these systems is both a problem and a
blessing. "High tech" is frequently thought to be too complex and hard to understand by
operators and technicians alike. Like the first microwave ovens that required an engineering
degree to set the clock or to defrost and then cook a meal. Usually the "High tech" industry
likes the whistles and bells in lieu of common sense straightforward methods. "High tech" is
good in the sense that it gives an opportunity to address problems with solutions that were not
possible before. Implementation of new technology typically provides a supply of ideas which
will mature into better solutions than the existing technology. Unfortunately, these solutions
become usable industry standards only after the technology is given a chance and the
analyzer industry corrects the initial problems and redirects some of the methods. The first
sales of these complex systems must go through the various stages of acceptance before the
need merges with the knowledge and technology. •Finally, some of the greatest difficulties in development of new process technologies lie in
understanding which questions to ask and how to obtain valid answers. The operations
people may not be able to help since the people that need the technology most don't
necessarily understand the problems and questions that are being asked. Therefore, they
may not be sure how to answer the question. The technologist asking the questions may
totally misunderstand the answers given. Truly, they may not understand the solution
proposed because the fundamental issue that they question is why a different approach needs
to be taken. In other cases, the new technology may appear as a threat to their existence in
a particular job position. This issue alone can completely undermine a valid technology and
the use of it in a well suited application. These issues must be carefully addressed during the
information gathering process.

3 EXAMPLES OF WELL TESTINGSITUATIONS
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Figure 1 shows two wells with results from testing over time. Well #1 shows consistent test
results over a one year time frame. The uw or MO~alongside the data represents the phase
of the emulsion; water or oil continuous respectively. Notice the change from water continuous
to oil continuous from 7/28/96 to 10/4/96. This change was due to the addition of gas lift to the
well. A very tight and viscous emulsion was formed causing high pressure at the wellhead
and lower production rates when the gas lift was initiated. The properties of the oil supported
a phase inversion from the oil continuous to the water continuous phase at approximately 82%
to 84% without other factors being involved such as gas lift injection. The gas lift altered the
inversion point and maintained the oil continuous phase. The well was returned to production
without gas injections to reduce the wellhead pressures and decrease viscosity which
increased flow. Well #2 demonstrates a change in water cut of over 10% over the same time
frame but, the emulsion type remained constant. The reason for this increase in oil production
was a change in the pumping rate. Results from these tests allowed improvement in
production of oit and understanding about production from this reservoir with data supporting

the changes. The
emulsion phase of
the fluids is very
important in
understanding the
behavior of wells.
Most sites do not
record this phase
information as part of
the historical well
test data.

~ ~ N ~ ~ ~ ~ ~ ~ ~
Time (Mlnutes)

methods or due to the properties of the fluids. In many cases, the data taken for well testing
has not been analyzed completely and therefore important opportunities for improvement have
been hidden. Several interesting cases will be described in the following discussion.
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Figure 1 - Well Test Summary Results
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Figure 2 - Throttling Type of Separator Performance
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Figure 2 shows real time data for a well to demonstrate that there is a time period for the
measurement system to settle out once it is switched into the test separator. The wait of
approximately 30 minutes was necessary for the well to "come on" and arrive at a steady rate
of production and for the 2 phase separator to arrive at equilibrium. The remaining 12 hours
of well test time was similar in nature although only a portion is shown in the graph. This
system is a throttling type of two phase separator. This gives a relatively constant flow rate
and therefore, eliminates many of the measurement problems seen with the dump-fill type of
separators. Problems can occur with throttling types of separators when the design was not
made to handle the control problems at very low and high flow rates. Data from throttling type
of separators appears to be more consistent and verifiable than others. Pulling a sample
when the water cut is maintaining a mean value is less difficult than a dump-fill type of

separator where the
. -cycle 'is changing the

water cut rapidly
through the dump
portion. Therefore, a
throttling type of cycle
is easier to verify the
performance of a
system. Both the
flow measurement
and water cut
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consistent emulsions,
Figure 3 - Group Line Study flow and water cuts.

Figure 3 shows a common header where approximately 100 wells are merged into a ·group
line" and the test results from this line. Although not specifically defined as ·well testing" this
situation is part of the welt allocation and production balance accounting. In the normal
routine, testing was done by tank strapping each day. A 4" in line water cut analyzer was
installed with a flow meter input to obtain net oil and to help in automation of the area. Tank
tests results typically gave higher water cuts than the automated system. This problem was
partially solved when the operator determined that another line merged with the free water
knockout vessel, which was before the main strapping tank. This second line had flow
metering problems of its own. Therefore, the second flow line numbers were taken as
accurate measurements when they were not. The results proved that the automatic method
was more reliable and reproducible than the manual method. In addition, the automatic
method provided for better overall accounting of production balance. Installation of the
automated system found problems for production, which would have been difficult to spot prior
to automation.

•
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ABSTRACT

This paper describes the findings of a project undertaken by NEL for NMSPU, Department of
Trade and Industry to investigate and quantify the performance of flowrneters in sandy service
conditions.

•
This paper presents a summary of results covering the testing of three 100 mm nominal bore
(NB) turbine meters, four 50 mm nominal bore turbine meters, and a 100 mm nominal bore
wedge meter together with a 75 mm nominal bore Coriolis mass meter. The initial calibration of
each test meter took place in clean water followed by comparison tests in three sand
concentration levels, at various velocities, over extended operating periods. This was followed
by a strip-down and internal examination of each meter for any damage/wear.

Overall conclusions are given on the performance of each meter manufacturer, meter type and
meter nominal bore size. Particular interest is given to the intercomparison between each group
of meters with regard to meter type, size, material of construction and wear.

1 TEST SERIES BACKGROUND

Flowmeters are widely used in the offshore industry in downhole locations and increasingly
used during separation. They are also utilised for exploration and production of oil and gas
fields, and by other industries in dirty fluids.

In these conditions they are often subject to a variety of abrasive materials being entrained in
the measurement fluid. As little performance data was available which quantified the effect of
abrasive flow conditions on f1owmeters, the Department of Trade and Industry, under the
National Measurement Policy Unit Flow Programme decided to sponsor a programme of work
to investigate this. It was decided that the test programme would cover a number of different
turbine meters of 100 mm and 50 mm nominal bore as well as a Coriolis mass flowmeter and a
differential pressure wedge meter. Each meter was representative of the type of meter
commercially available and used in the field in these applications.

\

The meter evaluations were carried out in the NEL Abrasive Flow Test Facility and entailed
simultaneous calibration of each group of meters, in series, against a reference electromagnetic
(em) flowmeter installed upstream of the test meters. Prior to the start of the test programme
the em meter was calibrated in-situ against a calibrated turbine meter traceable to the NEL
Primary Standards.

Establishing and quantifying any change in the performance of the test meters is the objective of
this test series. It must be noted that determination of flowrate errors from the test meters is not
the objective of this test series. Hence, the initial clean water calibration of the meters is used
as a datum from which all abrasive flow calibrations will be judged.

2 INTRODUCTION

•
Each group of meters was tested simultaneously (in series) during each section of the test
programme, ie clean water calibration followed by various sand content tests. This allowed for
direct comparison between meters of equal size as the test programme progressed. All sand
percentages in this report are defined as percentage sand content by weight. Appendix I
describes the sand specification. The sand used during this test series remained within



• Popularity of manufacturers meter in field use.
• Meter internal construction.
• Price and delivery.

specitlcation for approximately 250 hours running time. After this, or sooner if sand samples •
indicated necessary, the test fluid and sand was replaced to ensure that the test condition
remained constant. .

3 SELECTIONOF METERS

A functional speciflcatlon for flowrneters in sandy flow service was sent out to manufacturers
inviting them to tender for the supply of suitable f1owmeters. Some manufacturers stated that
they would not usually specify meters for this duty but would supply a meter typical of the
meters used in the oil sector. For this reason the names of meter manufacturers detailed in this
report were anonymised. The same meter manufacturers were used to provide 50 mm NB and
100 mm NB turbine meters, with the addition of one meter manufacturer (Manufacturer A) in the
50 mm NB tests. This was due to the test facility pipe lengths allowing for four 50 mm NB
meters and only three 100 mm NB meters to be tested. Test meter results in this report are
designated to Manufacturers A - D for 50 mm NB turbine meters, Manufacturers B - 0 for 100
mm NB turbine meters and Manufacturers E and F for wedge and Coriolis mass meters
respectively. Details of test meter materials, turbine blade number, turbine blade shape, etc are
shown in Tables 1a and 1b.

The meter types and the manufacturers for these tests were selected on the following criteria:

It was obviously important to select meters that were being widely used to enable realistic data
to be produced which would assist users. The differential pressure meter and one turbine meter
were chosen as they were designed specifically for abrasive flow service. The remaining meter
manufacturers have large numbers of meters in oil field use, although not specifically for
abrasive flow applications they were selected as major meter manufacturers. Coriolis mass
meters are now being used in many offshore applications therefore this type of meter was
selected because of its increasing popularity in the oil industry and its 'non-intrusive' design.

4 METERINSTALLATIONAND INSTRUMENTATION

The meters were tested in the abrasive flow test facility as described and shown schematically
in Appendix II.

Each group of meters was installed in horizontal pipework. in series, in the facility to enable
them to be tested and calibrated simultaneously. To ensure that meter performance was not
influenced by the facility, or by another test meter, each meter was installed according to the •
manufacturers installation instructions with appropriate lengths of upstream and downstream
straight pipe.

The test meter flowrate readings were logged simultaneously with the reference meter flowrate
and velocity, temperature, line pressure and time of day. Sand samples were taken from the
test line and measured at 250 hour, run time, intervals.

The test meter readings and meter flowrates were input into an EXCEL spreadsheet and the
performance data calculated. Ten of these points were taken, from each meter, to obtain an
averaged reading which represented one data point. Temperature, velocity (derived from the
test meter nominal bore size and reference f1owrate) and pressure drop were monitored in a
similar manner to the reference meter and input into the spreadsheet for analysis. Test line
pressure was also monitored to ensure cavitation did not take place.

•
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• 5 TEST PROGRAMME

For each test series, dictated by meter size and type, the test programme was as follows:

• Run meters in clean water over a range of flowrates for a minimum of 24 hours. This
acted as a "run-in" period for the test meters.

• Calibrate the meters in clean water, over a range of flowrates (within flow range of the
meters or the facility), against the facilities reference electromagnetic flowmeter.
Minimum test run period of 12 hours.

• Test each meter series at a minimum of two flowrates using three sand concentrations.

• Strip down test meters and complete an examination of meters for wear/damage.

6 TEST RESULTS

6.1 Clean Water Calibration of Reference Electromagnetic (em) Meter

The test facility reference em meter has been used for a number of years and therefore has a
known history of stable calibration against calibrated turbine meters. The em meter was
calibrated in-situ against a reference turbine meter immediately prior to the start of the test
series and was subsequently used throughout the test period. A copy of the em meter
calibration is shown in Fig. 1.

Error was calculated using:.'
Reference meter - test meter x 100.

Reference meter

. 6.2 Clean Water Calibration of Turbine Flowmeters

All test meters were calibrated against the facilities reference electromagnetic flowmeter. This
produced a "datum" (reference) clean water calibration from which future abrasive flow test

.. results could be compared.

6.3 Evaluation of Test Meters at Optimum Performance Flowrate Using Three Sand
Concentrations

Meter tests were completed at a flowrate that was considered to be representative of their
optimum performance f1owrate. For the turbine meters this represented a rate nominally mid-
way in the manufacturers recommended flow range. The wedge meter was tested towards its
upper flow limit because it has a very low turn down limit and would therefore perform best at a
flowrate near its maximum. This flowrate corresponded to a f10wrate approximately 50% of the
Coriolis mass meter's maximum flowrate and therefore allowed these meters to be tested in
series. The fJowrates selected during this test were nominally 9 lis for the 50 mm NB turbine
meters, 35 lis for the 100 mm NB turbine meter and 30 lis for the Coriolis mass and differential
pressure wedge meter.

6.3.1 Optimum flowrate abrasive floW tests on 50 mm NB turbine meters
(Nominal 9 I/s)

This flowrate represents nominally 50% of the test meters maximum flowrate.

Fig. 2 shows the data obtained from the 50 mm NB turbine meter tests along with data taken
from their original clean water calibrations at a similar f1owrate. (Nominal 9 lIs.)

•



The 50 mm NB turbine meter from Manufacturer D produced a similar flowrate error as the
clean water calibration for the initial 20 hours of abrasive flow service at 0.126% sand content.
The flowrate error gradually increased throughout the abrasive flow tests until it reached a peak
of nominally 2.6% after 300 hours sand service. Following this the final data point at 324.5
hours, after 0.126%,0.364% and 0.644% sand content runs showed an improvement compared
to previous data. •

It should be noted that there is no sand test data for Manufacturer A. This meter seized after •
two hours running at 0.126% sand content and was removed from the test programme at this
point.

During the abrasive flow tests Manufacturer 8's test meter produced a similar result to the clean
water calibration. The flowrate percentage error shows a slight improvement as the sand
percentage and test period increased. It should be noted that this meter is recommended by
the manufacturer specifically for abrasive flow duty.

Manufacturer C's, 50 mm NB turbine meter, initially produced an improved flowrate error
compared to the initial clean water calibration, but this rapidly increased throughout the 0.126%
sand tests where it peaked at nominally 3.4% after 172.5 hours abrasive flow duty. The flowrate
error remained at this level until the end of the 0.364% sand content tests (256.5 hours abrasive
flow duty) when this meters flowrate error increased to 81%. The meter was removed from the
test facility to find that the meter's rotor blades had disappeared. This may have been due to
erosion to the root or by the blades being tom away at the blade root.

6.3.2 Optimum flowrate abrasive flow tests on 100 mm NB turbine
(Nominal 35 115)

This flowrate represents nominally 47% of the test meters maximum f1owrate.

Fig. 3 shows the data obtained from the 100 mm NB turbine meter tests along with data taken
from their respective clean water calibration at a similar flowrate. (Nominal 35 lIs.) As previously
stated, only three 100 mm NB meters were tested due to facility pipe length restrictions.
Manufacturer A was not requested to submit a test meter for this phase.

Manufacturer B's, 100 mm NB turbine meter, showed an immediate rise in flowrate percentage
error of 0.25% when compared to the clean water calibration data at a nominal flowrate of 35 I/s.
The flowrate percentage error remained at this level, approximately 2%, for the remainder of the
test period encompassing 0.126%, 0.315% and 0.617% sand percentages over a 261.5 hour
test period. It should be noted that this meter is recommended by the manufacturer specifically
for abrasive flow duty.

Following the clean water calibration of Manufacture C's meter showed an immediate rise of
0.35% when 0.126% sand was added. The percentage error remained relatively constant at
1.50% throughout the following 57 hours at a sand content of 0.315%. After the sand content
was increased to 0.617% the flowrate error remained relatively constant at 1.50% although the
meter output was erratic towards the end of this sand percentage at this flowrate.

The initial 0.126% sand content test data from Manufacturer D's 100 mm NB turbine meter
showed an improvement in flowrate percentage error from the clean water data, at a similar
flowrate. This percentage error, 1.4%, continued for the 149 hour test period at 0.126% sand
content. When the sand content was increased to 0.315% the flowrate percentage error
immediately increased until after 26 hours the flowrate error was 1.75%. Over the following 31
hours, at this sand content, the flowrate error decreased back to the previous level, 1.4%. After
the percentage sand was increased to 0.617% the flowrate error increased to a high of 2.1% but
later returned to 1.6%, a similar figure to the initial clean water calibration, after a total of 261.5
hours in abrasive flow.
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• 6.3.3 Optimum flowrate abrasive flow tests on 100 mm NB wedge meter
and 75 mm NB mass meter (Nominal 30 lis)

This flowrate represents nominally 67% of the test meters maximum f1owrate.

Fig. 4 shows the data obtained from the 100 mm NB differential pressure wedge meter and the
75 mm NB Coriolis mass meter tests, Manufacturers E and F respectively, along with data taken
from their original clean water calibrations at a similar f1owrate.
(Nominal 30 l/s.) >

During the 0.156% sand tests the differential pressure wedge meter from Manufacturer E,
produced a rise of approximately 2.5% compared to the clean water calibration at 30 115. The
flowrate percentage error remained at this level, 3%, throughout the 0.156% and 0.352% sand
tests, a total abrasive flow period of 244.5 hours. It should be noted that the percentage error
figures were erratic during this period showing large percentage spreads from the mean
flowrate error.

The sand content was increased to 0.777% and following a further 129 hours at this level the
flowrate error decreased slightly to 2% with an improvement in the spread of the error results.

• During the 0.156% sand tests the Coriolis mass meter from Manufacturer F. produced a similar
flowrate percentage error.(0.8%) to its clean water calibration. This continued throughout the
0.352% sand content tests for 244.5 hours, with the exception of two data points.

When the sand percentage was increased to 0.777% the flowrate percentage error reduced to
0.5% and remained there for 45.5 hours before rising over the following 20 hours and then
reducing to 0.25% after 373.5 hours.

6.4 Evaluation of Test Meters at Low Flowrates Using Three Sand Concentrations

During this test the meters were run at a flowrate that was considered to be with-in the
" manufacturers recommended flow range. For the 50 mm NB turbine meters this represents a
.. rate nominally 33 percent of their recommended maximum f1owrate. The 100 mm NB turbine

meter low flow data was collected at nominally 20 percent of the manufacturers recommended
. maximum f1owrate. The mass and wedge meter low flow data was collected at approximately
20 percent of the manufacturers recommended maximum f1owrate.

6.4.1 Low f10wrate abrasive flow tests on 50 mm NB turbine meters
(Nominal 6 lis)• This flowrate represents nominally 33% of the test meters maximum flow range.

Low flowrate data points were taken towards the end of each sand content percentage test
period.

After completing the sand content tests the test facility was run with clean water at low flowrate
and data taken from the test meters to act as a comparison with the original clean water
calibration.

Fig. 5 shows the data obtained for the 50 mm NB turbine meter tests along with data taken from
the original and final clean water calibrations at a similar flowrate.
(Nominal 6 lIs.)

Data taken from Manufacturer B's 50 mm NB turbine meter, at the end of 172.5 hours of
0.126% sand content, showed an improvement on the original clean water data at a similar
flowrate. The data taken after 84 hours at 0.364% showed a slight increase on the previous
sand data but this represented a return to the percentage error shown in the original clean water
calibration. Following the 0.644% sand tests the flowrate percentage error showed an increase
of approximately 8.0% with poor repeatability.•



Manufacturer D's 50 mm NB turbine meter low flow 0.126%" sand content flowrate percentage
error test data showed an increase of approximately 0.4%, after 172.5 hours, compared to the
original clean water calibration at a similar f1owrate. Following a further 84 hour's at 0.364%
sand content the meters flowrate error had increased by a further 0.4%. After a further 68 hours
at 0.644% sand content, a total abrasive run time of 324.5 hours, the meters flowrate error was
approximately 9%. This represents a rise of approximately 8.5% from the Original clean water
test data. The final clean water test data shows a return to approximately 2% flowrate error.
This represents a rise of approximately 1.5% compared to the original clean water data at this
flowrate. •

The final clean water data showed a slight increase in the repeatability of the flowrate
percentage error, compared to the original clean water calibration, but this may be due to more •
test data being recorded during the final clean water test.

Test data from Manufacturer C's, 50 mm NB turbine meter, at the end of 172.5 hours of 0.126%
sand content tests showed a percentage error increase of approximately 1.5% compared to the
original clean water calibration. During the 0.364% sand content tests the meter's flowrate
percentage errors increased to unacceptable levels (82%) and the meter was removed from the
test facility after 256.5 hours. After investigation it was discovered that this meter's rotor blades
had been removed. This may have been due to persistent erosion or they could have been
shorn offal the root.

6.4.2 Low flowrate abrasive flow tests on 100 mm nb turbine meters
(Nominal 15 lIs)

This flowrate represents nominally 20% of the test meters maximum tlowrate.

Low flowrate data points were taken towards the end of each sand content period.

Fig. 6 shows the data obtained from the 100 mm NB turbine meter tests along with data taken
from their original clean water calibrations at a similar flowrate. (Nominal 15 lIs.)

Data points taken at nominally 15 lIs for Manufacture B's 100 mm NB turbine meter, after 149
hours sand service at 0.126%, showed no change from the original clean water calibration.
Following a further 57 hours at 0.315% sand concentration the flowrate percentage error
increased by 0.25% and at the end of the 0.617% sand tests, a total abrasive flow test period of
250 hours, the flowrate error had increased a further 0.2%. This shows a combined increase of
0.45% after 261.5 hours abrasive flow service compared to the original clean water calibration.

Manufacturer C's, 100 mm NB turbine meter, showed similar results after 149 hours of 0.126%
sand concentration tests as the original clean water calibration. Following a further 57 hours at •
0.315% sand concentration the flowrate error had increased by 0.3% from the original clean
water calibration. The sand concentration was further increased to 0.617% and after 53 hours
the flowrate error increased by a further 0.5%. This showed an over all increase of 0.8% from
the original clean water calibration after 258.5 hours sand service at various sand
concentrations. Shortly after the final sand concentration test points the flowrate was increased
and the meter seized.

The 100 mm NB turbine meter from Manufacturer 0, following 149 hours service at 0.126%
sand concentration, showed similar results to the clean water calibration. Data recorded after a
further 57 hours service at 0.315% sand concentration showed a flowrate percentage error rise
of 0.5% from the 0.126% sand concentration data. A further rise of 0.5% occurred following the
next 55.5 hours service at 0.617% sand concentration. This gives a total flowrate percentage
error increase of 1% after 261.5 hours abrasive flow service.

•
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During this test the 50 mm NB turbine, 75 mm NB Coriolis mass and 100 mm NB wedge meters
were run at a ftowrate that was considered to be close to the maximum manufacturers

"recommended flow range. The test facility used had a maximum flowrate of 35 115. This
flowrate had already been achieved during previous 100 mm NB meter tests. For the 50 mm

'.NB turbine meters this ftowrate represents a rate nominally 83% of their recommended
<rnaxirnum f1owrate.

....

• 6.4.3 Low flowrate abrasive flow tests on 100 mm NB wedge meters and
75 mm NB mass meter (Nominal 9 lIs)

This flowrate (9 lIs) represents nominally 20% of the test meters maximum f1owrate.

Low flowrate data points were taken towards the end of the 0.352% and 0.777% sand content
test period.

It should be noted that this flowrate is below the 3:1 manufacturers recommended turndown
ratio for the wedge meter. Therefore this meter could be expected to produce data out-with the
manufacturers limits although the Coriolis mass meter is with-in its flow turn-down limits at this
flowrate.

Fig. 7 shows the data obtained from the 100 mm NB wedge meter and 75 mm NB Coriolis mass
meter tests also data taken from their original clean water calibrations at a similar flowrate.
(Nominal 9 115.)

•
The 100 mm NB wedge meter, from Manufacturer E, showed a 15% increase in flowrate
percentage error following 244.5 hours at 0.126% and 0.352% sand concentrations. A further
rise of 5% was shown after 129 hours at 0.777% sand concentration. This shows a total
increase in flowrate percentage error of 20% from the original clean water data at a similar
f1owrate.

The 75 mm NB Coriolis mass meter, Manufacturer F, showed an increase of 0.25% in flowrate
percentage error after 244.5 hours at 0.126% and 0.352% sand concentrations. Following a
further 129 hours at 0.777% sand concentration the flowrate percentage error had reduced to a
level similar to the original clean water calibration at this f1owrate.

6,5 Evaluation of Test Meters at High Flowrates Using Three Sand Concentrations

.~.

Flowrate data points were taken towards the end of each sand content test period.

• Fig. 8 shows the data obtained from the 50 mm NB turbine meter tests along with data taken
from their original clean water calibrations at a similar f1owrate. (Nominal 15 lIs.)

Manufacturer B's, 50 mm NB turbine meter, data taken after 172.5 and 84 hours at 0.126% and
0.364% respective sand concentrations showed improvements of 0.56% and 0.8% respectively.
The data collected at the end of the next 68 hours at 0.644% sand concentration tests, a total
abrasive flow period of 324.5 hours, showed an increase of 1% from the previous sand data.
This represents a total increase of 0.28% from the original clean water calibration at a similar
f1owrate.

Manufacturer C's, 50 mm NB turbine meter, showed an immediate increase of 2% after 172.5
hours at 0.126% sand content. The sand content was increased to 0.364% but the flowrate
error reached unacceptable limits and the meter was removed from the facility to find that all the
meter's rotor blades had been removed.

•
Data from the 0.126% sand content tests on the 50 mm NB turbine meter, Manufacturer Of after
a 172.5 hour period showed a percentage error of approximately 2.5%. This represents a
flowrate error shift of 3% from the original clean water calibration. Following the next 84 hours
at 0.364% sand content the calculated error was1.8%, a rise of 1.1% from the clean water
calibration. Following a further 68 hours at 0.644% sand concentration, a total abrasive flow
test period of 324.5 hours, a further increase of 0.56% was shown compared to the previous

7



7.1.1 50 mm NB turbine meters (all data) compared to reference flowmeter •

sand content data. This represents an increase of 1.7% when compared to the original clean •
water calibration at a similar flowrate.

6.6 Intermediate Flowrate Abrasive Flow Tests on 75 mm NB Mass Meter and
100 mm NB Wedge Meters (Nominal 15 lIs)

This flowrate represents nominally 33% of the test meters maximum flow range.

Flowrate data polnts were taken towards the end of the 0.126% and 0.777% sand content
periods.

Fig. 9. shows the data obtained from the 100 mm NB wedge meter and 75 mm NB mass meter
tests, Manufacturers E and F respectively, along with data taken from their original clean water
calibrations at a similar flowrate. (Nominal 15 lIs.)

A 15 lIs flowrate is within Manufacturer E's recommended 3:1 tum-down ratio for the wedge
meter. Test meter accuracy levels, within the manufacturers error limits, should have been
achievable.

Following 139.5 hours at 0.126% sand concentration Manufacturer E's test meter shows a rise
in flowrate error of nominally 8% compared to the original clean water calibration. Following a •
further 105 and 129 hours at 0.352% and 0.777% sand content respectively, totalling
373.5 hours of abrasive flow service, the meters flowrate error showed a further increase of 5%
compared to the previous sand content data. This represents a rise of 13% compared to the
original clean water calibration at a similar f1owrate.

Manufacturer F, the Coriolis mass meter, showed an increase of 0.6% between the original
clean water calibration and the 0.126% sand content data after 139.5 hours. Following a further
105 and 129 hours at 0.352% and 0.777% respective sand contents, totalling 373.5 hours of
abrasive flow service, the flowrate error showed an improvement of 0.15% from the original
clean water calibration at a similar flowrate.

7 CONCLUSIONS

The entire test series entailed testing nine meters. Four 50 mm NB turbine meters, three 100
mm NB turbine meters, one 100 mm NB wedge meter and one 75 mm NB Coriolis mass meter.
Test meter detaits are summarised in Tables 1 and 2.

7.1 Performance, Size

Fig. 10 shows the 50 mm NB turbine meter test data, Manufacturers A, B, C, and D, compared
to the reference electromagnetic flowmeter.

Manufacturer A's 50 mm NB turbine meter seized following 2 hours of abrasive flow testing at
0.126% sand concentration and was removed from the test schedule.

Manufacturer B's 50 mm NB turbine meter results show that this meter consistently performed
within ±1.0% of the reference flowmeter with the exception of the 0.644% sand concentration
points at 6 lIs. Here the percentage error increased from nominally 0.5% to 10%. This meter
was specitlcally designed for abrasive flow duty. The wear on the upstream edge of this meter's
rotor blades is shown in Fig. 11.

•
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For Manufacturer C's 50 mm NB turbine meter, this shows that during the clean water
calibration the meter was more accurate at lower flowrates with an average error of 1.09%.
During the 0.126% sand concentration tests, over the flow range, the average error was
nominally 2.5% (with the exclusion of a few data points at 9 lIs with errors between -1% and
3.1%). The 0.364% sand tests initially show the flowrate error increased to 3.5%. After
approximately 250 hours abrasive flow the error had risen to 23% and after 256.5 the error had
further increased to 82%. The meter was removed from the test facility where inspection
revealed that the rotor blades had disappeared. Fig. 12 shows the wear on the rotor blade
assembly and Fig. 13 the erosion on the inlet flow straightener.

Increases in sand concentration appear to have a direct effect on the meter performance,
··particularly with respect to repeatability results. It should be noted that the overall increase in
flowrate error between the clean water calibration and the last sand concentration tests is within
1%. This manufacturer's meter was specifically designed for abrasive flow service. .;~.~

Manufacturer D's, 50 mm NB turbine, clean water results show that this meter consistently
performed within 1% of the reference flowmeter. The 0.126% sand contentdata shows an
increase in error to nominally 1.5%, with the exception of data at 15 lIs which showed errors of
2.8%. The 0.364% sand content tests show a rise in error across the flow range to nominally
2%. The error increases again during the 0.644% sand tests to nominally 2.5% with the
exception of low flowrates (6 lis) when the percentage error increases to 12%. The wear on this
meter's rotor is shown in Fig. 14.

7.1.2 100 mm NB turbine meters (all data) compared to reference flowmeter

Fig. 15 shows the 100 mm NB turbine meter test data, Manufacturers B, C and D, compared to
the reference electromagnetic flowmeter.

Manufacturers B's 100 mm NB turbine meter clean water calibration shows an average 1.56%
error over the flow range with the 0.126% sand content test results showing a similar error at
low ftowrates and a 0.39% increase at the optimum f1owrate. The 0.315% sand test results
.show a shift of 0.25% across the flow range compared to the previous sand content data. The
'0.671 % sand tests show a further increase of nominally 0.5% across the flow range compared
to the 0.315% sand tests. Fig. 16 shows the wear on this manufacturer's rotor. Fig. 17 shows
the rotor shaft wear on this manufacturer's meter.

Manufacturer C, 100 mm NB turbine meter, produced the most accurate clean water calibration
with a nominal flowrate error of 1% across the flow range. The 0.126% sand concentration tests
showed little deviation from this figure particularly at low f1owrates. Data from the 0.315% sand
tests showed an increase of 0.39% across the flow range compared to the clean water data.
The 0.671% sand tests produced similar results as the 0.315% sand data at the optimum
f1owrate. The low flowrate data showed an initiat flow rate increase of 0.5% with the meter
output becoming erratic until at 258.5 hours sand service when the meter seized. This meter
was removed from the test series. Visual inspection showed that the rotor shroud had seized
onto the meter bore as demonstrated in Figs 18 and 19.

The 100 mm NB turbine meter, Manufacturer D, clean water calibration showed a gradual
increase in flowrate error towards the higher f1owrates. The 0.126% sand data showed a slight
improvement in flowrate percentage error across the flow range. During the 0.315% sand test
the error increased to 2% at the low flowrates (15 tIs) with the optimum flowrate data remaining
similar to the clean water and 0.126% data. This pattem was repeated for the 0.671% sand test
data, giving a 0.89% increase at tow flowrates compared to the clean water calibration; the
optimum flowrate error remained virtually unchanged.

Manufacturer D's 100 mm NB turbine meter's accuracy was obviously affected (2%) by sand
service at low flowrates (15 lis) with only marginal increase at higher flows. The meter bore
showed severe abrasion in the area of the rotor blades as well as slight rounding of the rotor
blade leading edge.

•
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7.1.3 75 mm NB wedge meter and 100 mm NB CorioUs mass meter (all data)
compared to reference flowmeter •Fig. 20 shows the 75 mm NB mass meter and 100 mm NB wedge meter test data compared to

the reference flow meter. Both meters were designed for use in abrasive flow service.

The 100 mm NB differential pressure wedge meter, Manufacturer E, clean water calibration
showed an average flowrate error of 0.33% across the flow range. The optimum flowrate data
at 0.156% sand showed an increase of 1.75% compared to the clean water calibration with the
low flowrate data producing a 7.71% increase from the clean water data. The 0.352% sand
tests showed a similar pattern to the 0.156% sand tests with the meters optimum flowrate
figures equalling the previous sand data, but the low flowrate figures producing a further large
shift of 8% from the previous sand test. The final 0.777% sand data again showed no difference
from previous data at the meters optimum flowrate but the low flowrate error (even with-in the
specified 3:1 turndown ratio) continued to rise to 20%.

The CarioUs mass meter, Manufacturer F, clean water calibration produced an average flowrate
error of 0.68% across the flow range. The 0.156% sand test showed a negligible increase at
the optimum flowrates with a 0.4% increase at low flowrates. The 0.352% sand tests showed
no change from the clean water calibration with the 0.777% sand test producing no change at
low flowrates and an improvement of 0.5% at the optimum flowrates compared to the clean
water calibration at a similar flowrate.

Overall this meter's accuracy was not affected by abrasive flow with only sUght polishing of the
surface material at the meter's inlet manifold. The internal flow tubes could not be inspected.

7.2 Manufacturer, Type of Meter

The turbine meters performed with varying degrees of success. On the whole the 100 mm
nominal bore meters performed better than the 50 mm nominal bore meters.

Two 50 mm turbine meters failed with one (Manufacturer C) being completely stripped of its
rotor blades and Manufacturer A's meter seizing immediately after the introduction of sand into
the test fluid. The 50 mm nominal bore, Manufacturer 0, had 60% of its rotor blades worn and
would probably not have survived for much longer at this rate of wear.

Manufacturer B did out-perform the other meters in the 50 mm nominal bore size, although it did
show large errors at low flowrates with the highest sand percentages. It should be noted that
this meter is specifically designed for abrasive flow use.

Only one (Manufacturer C) of the three 100 mm turbine meters failed to complete the test series •
and that was only by three hours. The 100 mm NB turbine meters showed similar results as
the 50 mm NB turbine meter tests, although as previously noted this size of turbine meter did
prove more reliable than the smaller size. Manufacturer B, in the 100 mm NB size, meter gave
slightly better results across the flow range than Manufacturer C, until Manufacturer C's meter
seized with Manufacturer D's being less accurate particularly at the lower flowrates. Once
again Manufacturer B was the only meter in the 100 mm NB range to be recommended
specifically for abrasive flow duty although Manufacturer D's meter did provide comparable
results though suffered increased wear.

The differential pressure wedge meter (Manufacturer E), the second most expensive meter in
the test series, produced comparable results to the mass meter at high flowrates but became
significantly inaccurate, although remaining quite repeatable. at low flowrates close to and
below the manufacturer's 3:1 flowrate turn-down ratio. Although this meter is of robust
construction and showed little sign of wear during the test series there were indications that
corrosive build up on the bore of the pressure tappings could become a problem during long
term operation. This would obviously be dependant on the metered fluid and its compatibility
with the meter's construction material.

•
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• The Coriolls mass meter, Manufacturer F, produced the most consistent results through out the
test series with the abrasive flow test data showing little deviation from the original clean water
calibration. This meter also had the advantage of a large flowrate turn-down ratio and
alternative outputs, ie temperature, derived volume flowrate etc. The meter was more
expensive than the other test meters therefore consideration would have to be given regarding
cost against accuracy, reliability and convenience. This meter would be particularly suited to
high performance, long term, maintenance free utilisation. The meter showed very little sign of
abrasion/wear during the test series with only slight material polishing at the inlet manifold.

7.3 Material,Construction Details

Where a manufacturer supplied two sizes of meter these were both of the same model and
design. All of the turbine meters tested were constructed with stainless steel rotor blades and
meter bodies. Various grades of stainless steel were utilised ranging from austenitic stainless
steel blades on Manufacturer 8's turbine meters, to 430 grade stainless steel in Manufacturer
C's blade construction.

Of the three manufacturers that provided meters of both 100 mm and 50 mm NB sizes only
Manufacturer C's meters failed to complete the tests for each size. This manufacturer's blade
thickness was also relatively thin in comparison to other meters in their respective bore size.
The other meter to fail during the sand tests was Manufacturer A's 50 mm NB meter. This
meter along with the 50 mm and 100 mm NB meters supplied by Manufacturer C's were
constructed with flat profiled rotor blades, as opposed to the other meters' helical type blade
profile.

For these tests the number of blades alone appears to have no significance on the outcome of
the abrasive flow tests. However. the combination of rotor blade profile and thickness are likely
to have some effect on a meters' overall performance in abrasive flow. It was also noted that
turbine meters fitted with rotor blade shrouds did not perform well, with both shrouded meters
failing during testing.

As expected the Coriolis mass and wedge meters were not, as dramatically, affected by sand
abrasion and wear as the turbine meters. This was mainly due to both meters having no
moving parts in the test fluid. Slight polishing was witnessed on both meters but this was
considered minimal and was unlikely to affect the meters' performance. The wedge meter did
show considerable material build up on the pressure tapping internal bores. This was after
careful material selection by the manufacturer.

The mass meter model used in these tests was selected mainly due to its user popularity and
was provided with hastelloy measurement tubes. In theory, this material should perform better
than stainless steel in most abrasive flow duties.

8 THE WAY FORWARD

Points for consideration:

NEL would welcome the opportunity to discuss the results of these tests further and to identify
other potential projects involving dirty service activities for UK industry.

A number of paints that merit for future consideration and examination have been highlighted
during this test series and are briefly outlined below.

• Testing meters over longer test periods. The test periods used in this series of tests are
short and not fully representative of in-field operating times because the tests were
'accelerated' by using relatively high sand content levels.

• Test other alternative meter types that are available, to get a benchmark on the
capabilities of all meter types in sandy service fluids, eg Venturi, Vee-cone and positive-
displacement and Ultrasonic meters .•



• Look at the effects of different particle sizes (eg - fine, coarse) and types on meter
performance. •

• For turbine meters, the effects of different turbine meter blade combinations and
geometries, bearing design, running clearances and materials.
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TA B L E 1a

TURBINE METERS (50 mm NOMINAL. BORE)

Manufacturer Manufacturer Manufacturer Manufacturer
Test Meter A B C 0

(50 mm) (50 mm) (50 mm) (50 mm)

Nominal bore 50mm 50mm 50mm 50mm
No of blades 8 4 8 8
Blade shape Flat Helical Flat Helical
Blade thickness 0.685 mm 2.0mm 0.43 mm 0.90 mm
(@ mid point)
Blades on outer ring No No No No
Blade material 41055 Austenitic SS 430 SS Stainless steel
Meter body material Stainless steel Stainless steel 304 SS Stainless steel

Upstream flow Yes Yes Yes Yes
straightener
Downstream flow No Yes Yes No
straightener
Manufacturers quoted 1.87· 18.70 lIs 2.5 - 23.3 lIs 1.4 - 14.3 lis 1.9· 18.9 lIs
flow range
Manufacturers quoted ±0.25% ±0.20% ±0.25% ±0.15%
accuracy (overflow
range)
Manufacturers quoted ±0.02% ±0.01% ±0.02% ±0.02%
repeatabilitv
Test hours duration 88.5 88.5 88.5 88.5
(clean water)
Test hours, 0.126% sand 2 172.5 172.5 172.5
Test hours. 0.156% sand . . - ·
Test hours, 0.315% sand - - - -
Test hours, 0.352% sand - - - ·
Test hours. 0.364% sand - 84 84 84
Test hours, 0.644% sand - 68 - 68
Test hours, 0.671 % sand - - - -
Test hours, 0.777% sand - - - ·
Total hours in sand 2 324.5 256.5 324.5
service
Degree of wear Rotor blades Wear on All rotor blades Approx.60%

seized onto upstream edge removed at of rotor blades
meter bore. of rotor blades. root. eroded from
This was upstream
caused by sand edge. Slight
entrapped wear path
between blade around rotor
tip and bore. area of meter
Wear high bore.
spots on meter
bearing.

14
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• TAB L E 1b

TURBINE METERS (100 mm NOMINAL BORE), WEDGE AND CORIOLIS MASS METERS

•

Manufacturer Manufacturer Manufacturer Manufacturer Manufacturer
B C D E F

Wedge meter Coriolis meter.
(100 mm) (100 mm) (100 mm) (100 mm) (75 mm)

100mm 100 mm 100mm 100 mm 75mm
8 6 12 Not applicable Not applicable

Helical Flat Helical Not applicable Not applicable
2.2mm 0.76 mm 1.3mm Not applicable Not applicable

No Yes No Not applicable Not applicable
Austenitic SS 430SS Stainless steel Not applicable Not applicable

316SS 304SS Stainless steel Carbon steel Hastelloy (wetted
(wetted parts) parts)

Yes Yes Yes No No

Yes Yes No No No

6.25 - 74.97 lis 8.16 - 81.65 lis 8.16 - 81.65 I/s 13.8 - 41.4 lis 1.0 - 471/s

±0.20% ±0.25% ±0.15% ±0.5 ±0.1

±O.02% ±O.02% ±0.02% ±0.2 ±0.02

22.25 22.25 22.25 75 75

149 149 149 - -
139.5 139.5

57 57 57 - -
- - 105 105
- - - -

- - -
55.5 52.5 55.5 - -

- - - 129 129
261.5 258.5 261.5 373.5 373.5

Slight wear on Extensive scoring on Severe sand Slight polishing of Polishing of inlet
upstream edge rotor outer ring. Wear abrasion on wedge apex. manifold apex.
of rotor. on meter bore at rotor meter bore at Corrosion on

ring/bore interface. rotor area. upstream and
Wear high spots on Slight rounding downstream
rotor bush. Meter of rotor blades. pressure
seized after 258.5 tappings.
hours sand service. Heaviest on

upstream
tapping.

•

•
15



TA B L E 2a •TURBINE METERS (50 mm NOMINAL BORE)

Manufacturer Manufacturer Manufacturer Manufacturer
A B C 0

(50 mm) (50 mm) (50 mm) (50 mm)
% Error % Error % Error % Error

Flowrate: 51/5 Velocity: 2.7 mls
Clean water 0.26 0.52 0.73 0.65
0.14% sand Meter 0.27 2.5 0.3

removed
0.34% sand Meter 0.55 81 2.3

removed
0.70% sand Meter -9.1 Meter removed 11.63

removed
Flowrate: 91/5 Velocity: 4.7 mls

Clean water 0.33 0.53 0.91 0.61
0.14% sand Meter 0.52 1.67 1.38

removed
0.34% sand Meter 0.12 10 2

removed
0.70% sand Meter 0.4 Meter removed 2.4

removed
Flowrate: 15 115 Velocity: 7.5 m/s

Clean water 0.8 0.85 1.42 0.64
0.14% sand Meter 0.22 3.2 -2.8

removed
0.34% sand Meter - 0.06 76 1.9

removed
0.70% sand Meter 0.94 Meter removed 2.2

removed

•

•

•
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TAB L E 2b

TURBINE AND WEOGE FLOW METERS (100 mm NOMINAL BORE).
CORIOLIS METER 75 mm NOMINAL BORE

Manufacturer Manufacturer Manufacture Manufacturer Manufacturer
B C rO E F

(100 mm) (100 mm) (100 mm) Wedge Meter Coriolis Meter
% Error % Error % Error % Error % Error

Flowrate: 10 lIs Velocity: 1.3 mls Velocity: 2.3 m/s
Clean water -0.08 0.55
0.14% sand Not available Not available
0.34% sand 16.14 0.64
0.70% sand 20 0.5

Flowrate: 15 lIs Velocity: 1.9 m/s Velocity: 3.4 mls
Clean water 1.47 0.94 1.47 0.34 0.57
0.14% sand 1.45 0.88 1.5 8.1 1.2
0.34% sand 1.78 1.33 1.86 Not available Not available
0.70% sand 2.06 1.72 2.23 Not available Not available

Flowrate: 30 lIs Velocity: 3.8 m/s Velocity: 6.8 m/s
Clean water 0.47 0.81
0.14% sand 3 0.97
0.34% sand 2.6 0.71
0.70% sand 3 .. 0.5

.... + Flowrate: 35 lis Velocity: 4.5 mls Velocity: 7.9 mls
Clean water 1.61 1.07 1.6 0.47 0.81
0.14% sand 2 1.27 1.36 0.88 0.67
0.34% sand 2 1.46 1.71 1.3 1
0.70% sand 2.1 1.41 1.68 Not available Not available

Note: All error, flowrate, velocity and sand percentage values are nominal figures
Not available indicated that flowrate and velocity were not undertaken

•



APPENDIX I •SAND SPECIFICATION

The quarry sand used throughout this test series had a sub-rounded/rounded particle shape and was
graded between 500 microns and 125 microns via an aperture sized mesh. The average particle
size was 275 ± 25 microns.

Using 8S 410 grading technique, the sizing distribution of the sand particles was similar to that
shown below:

ANALYSIS OF SAND PARTICLE SIZE.

Particle size
Aperture/Mesh size

microns

% Retained by
Weight to 8S41 0

710
500
355
250
180
125

<125

0.7
3.9

16.2
44.8
28.4

5.5
0.5

•
18



Description of FaciUty
• APPENDIX II

THE NEL ABRASIVE FLOW TEST FACILITY

A diagram of the facility is shown in Figure 11.1of this Appendix. Clean water is taken from a storage
tank by a pump and discharged into pipework where concentrated sandy water is injected by a
positive displacement pump into the flow stream in a mixing section. The concentrated sandy water
is supplied from a mixer tank which is constantly agitated.

The turbulent flow of the fluid. in conjunction with a number of right angle bends in series. ensure that
the sand is fully mixed in the pipe before it enters the test facility test section where the test meters
were mounted in series.

For 50 mm NB meter four can be installed at the one time but this was reduced to three for 100 mm
NB meters due to facility pipe length restrictions with respect to appropriate up and down stream pipe
lengths between test meters. After the test section the fluid passes through the flow control valve
and returns to the mixing tank through cyclone separators. The cleaned water returns to the mixing
tank and passes through filters before overflowing back to the clean water tank. The concentrated
sandy water falls to the bottom of the mixing tank and the whole process repeats. The pipework and
mixing tank were carbon steel and were not painted or coated internally. The clean water tank was
painted internally with a corrosion resistant paint.

For test purposes the required flowrate and line pressure in the test section are set by adjusting the
flow control valve. together with the bypass and pressure control valve. An electromagnetic
flowmeter measured the flow through the test section with a similar. but smaller nominal bore, meter
measuring the flow of concentrated sandy water in the injection line.

By varying the speed of the injection pumps and the concentration of the sand in the mixing tank the
sand concentration in the test section can be altered as required. Test fluid samples are taken from
the test section at regular intervals. An air blast cooler enables the test fluid to be temperature
controlled between 40 and 70°C.

•
19
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Fig. 3: 100mm NB. TURBINE METER DATA
NOMINAL FLOWRATE 35 lis •3.0~------------------------------------ ~
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Fig 5: 50 mm NB. TURBINE METER DATA- NOMINAL FLOWRATE Glls10~--------------~~-=~~~~~~~~~~~~~~~--~--~~~------------~----'
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Fig. 7: CORIOUS MASS AND WEDGE METER DATA
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MONITORING OF DISSOLVED AND DISPERSED HYDROCARBONS IN
PRODUCED WATER BY PHOTOACOUSTIC SPECTROSCOPY

Hugh A. MacKenzie; Scott Freeborn; John Hannigan, Heriot Watt University
Geoff High, Kvaerner Oilfield Products Ltd

1 INTRODUCTION

Photoacoustic spectroscopy is a long established technique which has been revitalised by the
availability of new optoelectronic components from the telecommunications industry. The
combination of near infrared diode laser sources, optical fibres and fibre optic components all
contribute to continued development of a new generation of analytical instruments for applications
in both the environmental and health care areas. In addition, when the advantages of the
photoacoustic technique are allied to state of the art electronic devices and advanced computing
modules an innovative instrument becomes feasible which overcomes many of the limitations of
current techniques.

Photoacoustic generation is complex interaction involving physical and optical parameters which
include the specific heat capacity cp, the thermal expansion coefficient 13 and the velocity of sound v
so that the magnitude of the photoacoustic signal can be expressed as

1

E (l P v2
Vpa= k.--~--

Cp
where k is a constant of the instrument, E is the laser pulse energy and a is the optical absorption.
A typical photoacoustic signal is shown in Figure 1 where the time interval between the start of the
trace and photoacoustic signal at 4J.LSis the acoustic transit time from the optical beam to the
acoustic detector and may be used to measure the velocity of sound in the liquid.

In general the peak to peak amplitude of the photoacoustic Signal, PA, at a selected wavelength is
used to measure the concentration of a particular analyte and to compensate for energy
fluctuations, the amplitude is divided by. E, the energy of the optical pulse. Thus PAlE is the
normalised photoacoustic amplitude which is used throughout our results.
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Time (J.Ls)• Figure 1 - Showing pick up at the start of the trace followed by the photoacoustic signal



•

The combination of physical parameters for water do not favour a strong photoacoustic response
whereas those for many hydrocarbons yield a favourable set of properties and as a consequence •
the near infrared (NIR) spectrum of is comparatively weak and the spectral response for
hydrocarbons is relatively strong.

The basic principles of sensing oil in water have been established both in the laboratory and
through preliminary testing at the Orkney Water Test Centre and a typical response to Flotta crude
is shown in Figure 2. These tests also served to show, within the limits of the tests, that the
photoacoustic response was not affected by droplet size or flow velocity. Based on the success of
the laboratory sensor, the design requirements for a dedicated instrument for offshore use has been
achieved.
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Figure 2 - The photoacoustic sensor response to changes in oil concentration in the test facility at
the Orkney Water Technology Centre (ERT)

2 EXPERIMENTALRESULTS

In the project proposal, some twelve key areas were identified to map out the progress of this
project and at this halfway point, seven of these areas have been investigated in detail and in the
following section, the experimental results will be presented for a laboratory photoacoustic sensor
which was utilised to explore the use of photoacoustics in offshore applications, the results of which
were applied during the design and development of a dedicated instrument for this project. The
preliminary results of the hydrocyclone test rig development will also be discussed.

2.1 Perfonnance In the Presence of Chemical Additives

In an offshore environment, the sensor will be required to monitor the level of oil concentrations in
the presence of complex additives such as dispersants and corrosion inhibitors. We have
conducted initial studies using additives at concentrations up to 1000 ppm and have found that the
sensitivity to oil detection is unimpaired but there are changes in the baseline response. As we are
using a dual wavelength system, this aspect will be included in the calibration algOrithm.

Figure 3 shows the basic response of Flotta crude in salt water. It should be noted that the
sensitivity to oil is characterised by the slope of the line which in this case is 0.011. The base line
corresponds to the response in the absence of oil and in this case has a value of 17.2. When
1000 ppm of Methanol was added to the sample the response was as shown in Figure 4.
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Figure 3 - Showing the response to changes in Flotta crude concentrations in salt water

It will be seen that the slope of the response remains approximately as before but the intercept at
o ppm is now at 19.5. In the same way, when 1000 ppm of corrosion inhibitor is added, the
sensitivity remains constant but the base line changes as shown in Figure 5.

The initial conclusion from these experiments is that the sensitivity of the photoacoustic sensor to oil
concentrations is not affected by the presence of additives but baseline compensation will be
required in the data analysis. For this reason I two wavelengths are used in the practical
instrument: One for baseline compensation and the other for analyte measurement.
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Figure 4 - Low crude oil concentration photoacoustic response in salt water
with 1000ppm of methanol present
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2.2 Performance at High Pressure

The operation of the photoacoustic sensor in hydrocyclone applications requires a system which will
operate at pressure. When a high pressure cell was made available, investigation of the
photoacoustic response at high pressure was undertaken. The high pressure values of the key
physical parameters for water are available from tables in textbooks and scientific references. From
this data and by substitution in the basic photoacoustic equation, the predicted photoacoustic
response over a pressure range was calculated and is shown in the pressure range 1 to 350 bar as
the straight line in Figure 6. A set of data points from photoacoustic measurements is also shown
and there is clearly an excellent correlation between predicted and actual response. The continued
functionality at high pressure is an interesting pointer to the possibility of subsea applications.
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Figure 6 - Comparison of experimental results (symbols) and theoretical prediction (line) of the
effect of pressure on the photoacoustic response from water
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• 16th NORTH SEA FLOW MEASUREMENT WORKSHOP 1998

THE REVISION OF ISO 5167 • AN UPDATE

Dr Michael Reader·Harris, National Engineering Laboratory

1 INTRODUCTION

ISO TC30/SC2 WG11, of which I am Convener, is responsible for producing a draft of ISO
5167 which takes into account the work on differential pressure fiowmeters which has been
done in recent years and will provide a thorough revision of ISO 5167-1 [1}. WG11 was
established in 1996 and a Committee Draft was issued to SC2 for discussion at ISO
TC30/SC2 "in June 1998. "A" revised Committee- Drafrincorporating ·comments-shoutd be
issued at the end of this year with the expectation that a "revised International Standard will
be published in 2001.

This paper brings the North Sea Workshop up to date on the current situation with regard to
the revision of the standard. It describes the planned changes and gives at least an
indication of the research on which the changes are based.• ISO 5167 will be divided into 4 parts: general (ISO 5167-1), orifice plates (ISO 5167-2),
nozzles and Venturi nozzles (ISO 5167-3), and Venturi tubes (ISO 5167-4). Many users will
only require the general part and one other part. The most significant areas of change from
the existing ISO 5167-1 are given below. It is likely that further changes will take place in the
next three years." "

2 ORIFICEPLATE INSTALLATIONEFFECTSAND FLOW CONDITIONERS

•

A very large amount of data on installation effects on orifice plates has been collected in
recent years, particularly in the USA and in Canada but also in the UK and in Germany. The
data and the methods of analysis are given in [2]. Revised straight lengths based on an
analysis of these data, initially undertaken by API but in which representatives of countries
outside North America are now involved, will be included. The data downstream of two
bends were taken with various distances between the two bends, and the required distances
between pairs of bends will be included in the table. The table of required upstream straight
lengths lncluded in the Committee Draft of ISO 5167-2 discussed at SC2 in June 1998 is
given here as Table 1. Only thermowells smaller than 0.030 will be permitted upstream of
the orifice. Some pairs of bends in perpendicular planes with small separation gave very
large shifts in discharge coefficients, although other pairs of bends with the same separation
gave much smaller shifts. It will be recommended that if there is a possibility of a fitting
creating severe swiri, as two bends in perpendicular planes with separation less than 50 or a
header may do, a flow conditioner should be used.

In ISO 5167-1 a compliance test for flow conditioners will be included: using a primary device
of diameter ratio 0.67 the shift in discharge coefficient from that obtained in a long straight
pipe must be less than 0.23 per cent when a flow conditioner is used in each of four
situations:

a) in good flow conditions,

b) downstream of two bends in perpendicular planes (ratio of bend radius to pipe
diameter approximately equal to 1.5; separation between curved portions of bends
less than two pipe diameters)

c) downstream of a half closed gate valve (or D-shaped Orifice)

d) in conditions of high swirl downstream of a device producing a high swirl (the device
should produce a maximum swirl angle across the pipe of 25 - 300 180 downstream
of it or 20 - 250 300 downstream of it).•



Table 1- Required straight lengths between orifice plates and fittings without flow conditioners
Values expressed as multiples of internal diameter D

Upstream (inlet) side ofthe orifice plate Downstre-
am (outlet)
side of the

orifice plate

Diameter Single 90° Two 90° Two 90° Two 90° Two 90° Single 90° Single 45° Reducer Expander Full bore Abrupt Thermom- Fittings

ratio bend bends in bends in bends in bends in tee bend 2DtoD O,5DtoD ball valve symmetric- eter pocket (columns 2
the same the same perpendic- perpendic- over a over a fully open al orwell" to 11) and

p Two 90° plane: plane: ular planes ular planes Two 45° length of length of reduction of the
bends in S-config- S-config- (5D> 8). (15D ~ 8~ bends in 1,5Dt03D Dt02D diameter dens ito-

same plane uration uration 5D)· the same s O,03D meter
(S> 30D)· (lOD ~ S). (30D ~ S> plane pocket

1OD)· (S> 22D)·
Two 90°
bends in

perpendic-
ular planes
(8) 15D)·

1 2 3 4 5 6 7 8 9 to 11 12 13 14

A B A B A B A B A B A B A B A B A B A B A B A B A B

0,20 6 6 to 10 10 10 ••• ••• 19 19 9 9 .... •••• 5 5 16 8 12 6 30 15 5 3 4 2

0,40 18 9 10 to 13 10 50 30 44 19 9 9 30 18 5 5 16 8 12 6 30 15 5 3 6 3

0,50 30 16 30 10 18 16 95 60 44 19 19 9 30 18 6 5 18 9 12 6 30 15 5 3 6 3
0,60 44 30 44 30 30 18 95 50 44 19 29 18 30 30 9 5 22 II 14 7 30 15 5 3 7 3,5
0,67 44 30 44 30 44 30 95 50 44 30 36 30 44 30 12 6 27 14 18 9 30 15 5 3 7 3,5

0,75 44 35 44 30 44 30 95 65 44 30 44 30 44 30 22 II .38 19 24 12 30 15 5 3 8 4

.) S is the separation between the two bends measured from the downstream end of the curved portion of the upstream bend to the upstre~ end of the curved portion of the
downstream bend...) The installation of thermometer pockets or wells will not alter the required minimum upstream straight lengths for the other fittings .
... ) There are insufficient data for this configuration: the lengths for p= 0,4 should be used .
•••• ) There are no data for this configuration: the lengths for P = 0,4 are at least sufficient.
NOTES:
1. The minimum straight lengths required are the lengths between various fittings located upstream or downstream of the orifice plate and the orifice plate itself. Straight lengths shall

be measured from the downstream end of the curved portion of the nearest (or only) bend or of the tee or the downstream end of the conical portion of the reducer or expander.

2. Lengths for P< 0,2 can be taken to be equal to those for P= 0,2.
3. Most of the bends on which the lengths in this table are based had a radius of curvature equal to 1,5D, but it may be used for bends with any radius of curvature.
4. Column A for each fitting gives lengths corresponding to 'zero additional uncertainty' values (see 5.2.3).
5. Column B for each fitting gives lengths corresponding to '0,5% additional uncertainty' values (see 5.2.4).

2 • •• •



&) = 1- (0.41 + 03Sp4) IIp ,
Ap)

where &, is the expansibility coefficient, 6.p is the differential pressure across the orifice plate, p,
is the static pressure at the upstream tapping and Ie is the isentropic exponent.

(1)

• This last installation was included to give a swirl similar to that found downstream of a header
tested at NEL. As well as the test for p = 0.67 the flow conditioner must pass the high-swirl test
(d) for /3 = 0.4. This test for p = 0.4 is included because, although for non-swirling flow shifts in
discharge coefficient increase with /3, this is not necessarily true for swirling flow. Provided that
the flow conditioner is geometrically similar for all pipe diameters this compliance test need only
be passed for one diameter, and if it is passed for a range of Reo greater than 3 x 106 it will be
taken to have been passed for all Reo> 3 x 106

. If a flow conditioner passes this test it may be
used with no additional uncertainty downstream of any fitting with any diameter ratio up to 0.67.
If it is desired to use the flow conditioner for /3 > 0.67 additional testing is required. Required
distances between the primary device and flow conditioner and between upstream fittings and
flow conditioner will be determined in the course of the tests since a flow conditioner will not
pass for all distances. The compliance test is included in ISO 5167-1 because the same test is
applied whichever primary device is used; however passing the test with one type of primary
device does not imply that the test would have been passed with all types of primary device.

•
Tests were undertaken with orifice plates at 5wRI to check that there are flow conditioners
which meet these compliance tests with reasonable overall distances between fittings and
orifice plate. These showed that there is a location for a 19 tube bundle of defined geometry at
which the compliance test is satisfied provided that the overall length between orifice plate and
tube bundle is at least 30D; similarly there is at least one location at which both the Gallagher
and the K-Lab Laws Nova 50 E pass this test provided that the overall length between orifice
plate and either flow conditioner was at least 18D. These lengths are not minimum upstream
length requirements using the tube bundle or the flow conditioners; they are lengths at which
successful tests were carried out. Measurements of required length are taken from the orifice
face to the upstream fitting itself so that the weld neck is included within the straight length; for
example the distance is measured to the downstream end of the curved portion of a bend. The
results are presented without naming the conditioners in [2], but names are given in [3].

The installation requirements given in the current draft of Part 2 of API 14.3 [4] are almost
identical to those proposed in ISO 5167. This is significant progress. -

3 EXPANSIBILITY EQUATION FOR ORIFICE PLATES

The orifice plate discharge coefficient equation has been revised on the basis of data collected
in the last 20 years, and it is appropriate that the same process of revision should occur for the
expansibility factor.

• The existing equation for the orifice expansibility factor was derived by Buckingham [5] on the
basis largely of data collected at tests in Los Angeles in 1929. Using these data Buckingham
derived the equation:

It is significant that in analysing the data Buckingham neglected the effect of Reynolds number
on the grounds that above a throat Reynolds number, Reg. of 2 x 105 the discharge coefficient is
constant. It is now known that the discharge coefficient continues to change with Red above this
value. The work of Bean and Buckingham has nevertheless set a pattern for subsequent
workers in this area.

As part of the EEC Orifice Project data were collected on expansibility factors. At NEL on the
100 mm (4-inch) pipe run data were collected for three diameter ratios, 0.2. 0.57 and 0.75, in air
with 140 kPa < P1 < 800 kPa. Details of the analysis of the data are given in Reference I6]•

3



&11 = &1 Icalc = l __b_i f¥J K)
calc,2 1- a 1 - a 'lPI •

which is equivalent to fitting (Cs1)measuntd as Cincompre .. ibIe(1 - b°f) without assuming a value for •
Cincompr ... ibIe•

(4)

together with references to the individual data sets from all the laboratories whose data were
used. This work followed that of Kinghorn [7]. Gaz de France collected data on the 100 mm
(4-inch) pipe run for a diameter ratio of 0.66 in natural gas at ReD = 1.2 x 106

•

Gasunie did not collect data on expansibility factor directly but within the data collected by them
on the 100 mm (4-inch) pipe run for the discharge coefficient database it is possible to identify
sets of data taken over both a significant range of static pressure and a small range of Reynolds
number. These data are for diameter ratios 0.2,0.57 and 0.66. Similarly CEAT did not collect
data on expansibility factor directly but within the data collected by them on the 250 mm (10-
inch) pipe run for the discharge coefficient database it is possible to identify sets of data taken
over both a significant range of static pressure and a small range of Reynolds number. These
data are for a diameter ratio of 0.2.

In addition to the European work CEESI on a 50 mm (2-inch) pipe run collected data for six
diameter ratios, 0.242, 0.363, 0.484, 0.5445, 0.6655 and 0.726 in air with 115 kPa < P1 <
2150 kPa.

In order to analyse the NEL (and similar) data a common method has been to calculate

e I = (C&I ) measured
I calc C

water
(2)

where (CC1)measured is taken from the gas tests and Cwater from a previous water calibration of the
same orifice plate and then to use the method of least-squares to determine the constants in

(3)

and then to fit the slope terms, b.

The problem with this method is that there is always some bias between a gas flow laboratory
and a water flow laboratory. So a better estimate of &1 is given by

In the case of the Gaz de France data the value of C obtained when &1 is as close as possible to
1 had been used as the reference value (equivalent to C",.... in Equation (2»; this reference
value is a single measurement, and so in [6] all the data including the reference value were
fitted and values of b/(1 - a) calculated. The data from CEESI had already been analysed in a
similar manner to that used here and so in most cases a was calculated to be O.

For the data from Gasunie and CEAT the Reynolds number was not constant and so it was
necessary to apply corrections to the measured values of C&1 so that all the values are
effectively taken at one Reynolds number. To do this the dependence of C on Reynolds
number given in the Reader-Harris/Gallagher Equation [8] was assumed.

For each set of data calculations were performed for two functions, f:

j t¥J .K) = !lp
IlPI "PI

(5)

and

4
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where P2 is the static pressure at the downstream pressure tapping. The first equation is
simpler but the latter is based on the best physical understanding. It was clear that where there
is a wide range of values of P~P1' that is in the NEL, Gaz de France and CEESI data, using
Equation (6) gives a smaller standard deviation of the data about the obtained fit, and so
Equation (6) is used to reduce bias in the final equation. More complex forms of equation than
Equations (5) and (6) were tried but only gave marginal improvements in quality of fit. The
values of b" (for use with f in Equation (6» are dependent on p and are shown in Figure 1. For p
:S 0.66 there is a linear dependence on p. At higher diameter ratios the measured values lie
above a fitted line and so, to avoid bias at small P due to the points for large p, b" has been fitted
as follows:

(7)

• Fig. 1 Experimental data: coefficients of f In Equation (4) (f 8S In Equation (6»

0.55..---------------------------------,

C NEL
o GASUNlE
6 GAZ DE FRANCE
x CEESI
o CEAT

...... ISO 5167-1: 1991
- - - FITTED LINE
-SEE EQUATION(8)

0.3 -1- -.- ---_-----.------.----------1
o 0.05 0.1 0.15 0.2 0.25 0.3 0.35

•
Different functions of P did not give a worthwhile improvement in fit. On fitting the data the
following equation was obtained:

e = 1_ (0.351 + 0256P' + 0.9311'+ _(:.)Yr }.

The standard deviation of the values of b" about the quadratic fit in {1was 0.0148.

{8}

The uncertainty of the value of &, is considered in Reference [6} and it is proposed that the.
relative uncertainty of &, given in ISO 5167-2 should be

35 6p per cent.
JqJl

(9)

Because the present equation for t2 is in error and it is little used it will be omitted.
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Work at British Gas [11] and Gasunie [12] has shown that in a gas flow to estimate the
temperature upstream of the orifice plate from that measured some distance downstream an
isenthalpic correction is appropriate, and the standard will be revised accordingly. The British
Gas report covers a wide range of diameter ratios, whereas the Gasunie report has studied the
flow through one orifice of diameter ratio 0.5 in more detail. The Gasunie report compares the
change in temperature with the differential pressure; even better agreement with that predicted •

3 ECCENTRICITY LIMITS FOR ORIFICE PLATES •Debate on the requirements continues. There is a difference between the ISO and API
standards, because there are small differences between the sets of data [9, 10] on which the
two standards are based; the data are in good agreement in general, but since the permitted
eccentricities are based on giving shifts in discharge coefficient of less than 0.1 per cent it is not
surprising that different data sets give different permitted eccentricities. The proposed ISO
requirements have been determined so that shifts using either set of data are less than 0.1 per
cent. The present ISO requirements are sufficient to ensure good measurement. Under certain
circumstances they are, however, more demanding than is necessary. To obtain a clause
which describes the experimental data more accurately it is necessary to consider the
eccentricity in its two components, parallel to a pressure tapping and perpendicular to the
pressure tapping, since eccentricity parallel to' a pressure' tapping has more··effect on' the
discharge coefficient measured using it than eccentricity perpendicular to it.

To determine the eccentricity the distance 9c between the centre-line of the orifice and the
centre-lines of the pipe on the upstream and downstream sides is measured, and for each
pressure tapping the components of the distance between the centre-line of the orifice and the
centre-line of the pipe in which it is located in the directions parallel to and perpendicular to the •
axis of the pressure tapping is determined. If there is to be no additional uncertainty eel, the
component in the direction parallel to the pressure tapping, must for each pressure tapping be
such that

0.0025D
eel ~ 0.1 +2.3p4 ' (10)

and ecn, the component in the direction perpendicular to the pressure tapping, must for each
pressure tapping be such that

0.005D
ecn ~ 0.1 +23p4 .

(11)

If the eccentricity is purely parallel to the tapping this is the same requirement as in the existing
ISO 5167-1; otherwise it gives a larger tolerance.

4 FLATNESS TEST FOR ORIFICE PLATES

Clause 8.1.2.1 in the existing ISO 5167-1 in which the slope of a straight line connecting any •
two points of its surface must be less than 0.5 per cent relative to a plane perpendicular to the
centre-line of the orifice plate bore is too demanding since measurements can be made with the
two points very close together. A Simplified test based on that in the API standard (the current
draft revision is reference [4]) is proposed in which a straight edge of length D is laid across any
diameter of the plate and the maximum gap between the plate and the straight edge is
measured. The plate is considered to be flat when the gap is for every diameter less than
0.005(0-d)/2. This will ensure that the mean slope from the pipe wall to the orifice edge is less
than 0.5 per cent. The API standard allows twice as large a gap; the ISO limit has been chosen
so that when the effect of deformation under pressure is added the slope can still be less than
1 per cent.

5 TEMPERATURE CORRECTION

6



• (12)

• by an isenthalpic correction would have been achieved if the change in temperature between
upstream of the plate and that at the temperature tapping location downstream had been
compared with the pressure loss, LltD. The data show that an isentropic expansion is still
correctly assumed from upstream of an orifice plate into the vena contracta. However, to use
an isentropic correction between upstream of the plate and the temperature measured at the
usual temperature tapping location downstream of the plate can lead to significant error.

In many cases it can safely be assumed that the downstream and upstream temperatures of the
fluid are the same at the differential pressure tappings. However, if the fluid is a non-ideal gas
and the highest accuracy is required and there is a large pressure loss between the upstream
pressure tapping and the temperature location downstream of the primary device, then it is
necessary to calculate the upstream temperature from the downstream temperature (measured
at a distance of 5D to 15D from the primary'device), assuming anisenthalpic expansion
between the two points. To perform the calculation the pressure loss 11m should be calculated
from the differential pressure. Then the corresponding temperature drop from the upstream
tapping to the downstream temperature location, LlT, can be evaluated given the rate of change
of Twith respect to p at constant enthalpy:

where T is the absolute temperature, Rg is the universal gas constant, cp is the heat capacity at
constant pressure and Z is the compressibility factor.

6 PIPE ROUGHNESSLIMITS UPSTREAMOF ORIFICEPLATES

New roughness limits for pipework upstream of orifice plates have been included. These are
derived from a physical understanding of the effect of pipe roughness on orifice plate discharge
coefficients and the knowledge of the roughness of the pipes on which the new discharge
coefficient equation is based. Pipe roughness limits have been calculated to ensure that
roughness will not shift the discharge coefficient from that given by the discharge coefficient
equation by more than an appropriate fraction of its uncertainty.• The arithmetical mean deviation of the roughness profile, Ra, or the friction factor, A, (or both)
was measured for each of the pipes used to collect the data to which the discharge coefficient
equation was fitted. Using these data it is possible to fit a discharge coefficient equation
containing an explicit friction factor term; this was done at the time when the PR14 equation was
developed and, using the PR14 tapping terms, the following equation for the C~and slope terms
was obtained:

C = 0.5945 + 0.0157 P 1.3 - 0.2417 p8
+ 0.000514(106 p / ReD)o.7

+ (3.134 + 4.726Ap )p3.5 max{2,0.1704 - 35(ReD /106)} (13)

where

A = (2100P) 0.9

p ReD

• Reference [13] gives the details.
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o COMPUTED: READER-HARRIS
• EXPT: CLARK ET AL
• EXPT: HERNING ET AL
X EXPT: SPENCER ET ALo EXPT: THtBESSARD
• EXPT: WITTE+ EXPT: BEAN ET AL
6 EXPT: BRENNAN ET ALo EXPT: STUDZINSKI ET AL •

-- EQUATION (14)

o •

This gives the change in friction factor due to roughness, ~Croug/'l' as •
~Crougl'1 = 3.134p1·5LU. (14)

provided that Red is sufficiently large that Ap is negligible.

Figure 2 gives measured and computed (using CFD) values of ~C as a function of tJ'.5LU (see
Reference [14] for complete references). The computed values and the European experimental
data were obtained using comer tappings. The North American experimental data (Bean et ai,
Brennan et al and Studzinski et al) were obtained using flange tappings. In Reference [14] the
effect of roughness on discharge coefficients obtained with different pairs of pressure tappings
is considered and it is shown that the effect of pipe roughness on the discharge coefficient using
D and DI2 tappings is about 20 per cent less than on that using comer tappings. Since all the
computational and most of the experimental data in Figure 2 were collected using comer
tappings this may explain why equation (14) lies below the mean of the plotted data.

Fig. 2 The effect of rough pipe on the orifice plate discharge coefficient
0.035.,...--------------------------------,
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13IE 0.025

8
u
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~
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It!:g

o

o

•
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o
o
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o
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til
C
J! 0.005
o

•
o

o 0.001 0.002 0.003 0.004· 0.005
.:U,*f!3.1

0.006 0.007 0.008

Nevertheless there is a large scatter in the plotted data, and so a single equation is used to •
describe the effect of pipe roughness for all tappings. The equation used to determine limits of
pipe roughness is again taken from Equation (13), but the Ap term is included:

(15)

It is not known whether the effect of change in friction factor increases for small Red. but it is
safer to include the term in Ap in calculating the limits of pipe roughness. Moreover there is little
disadvantage in its inclusion since it causes a slight reduction in the limits of pipe roughness in a
range of Reynolds number where they are already wide.

In order to calculate the limits of pipe roughness for the new discharge coefficient equation it is
necessary first to use the measured values of relative roughness for each pipe to obtain a
typical pipe relative roughness for the data (and thus for the equation fitted to it). This is a
function of Reo: the estimates are given in Table 2. The values of friction factor are consistent
with the values of relative roughness if the Colebrook-White Equation (see Reference [15]) is
used.

•
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0.5.0
0.25
0.5(1.667.0.-0.5) -
1.13/1'·5

p:s: 0.5
0.5 < .o:s: 0.6
O.~ < P.~_9:!1
0.71 < .0

(16)

• Table 2 - Values of kiD and A. associated with the database

Reo 104 3x104 105 3x105 106 3x106 107 3x107 108

104kID 1.75 1.45 1.15 0.9 0.7 0.55 .0.45 0.35 0.25
A 0.031 0.024 0.0185 0.0155 0.013 0.0115 0.0105 0.010 0.0095

The maximum permissible shift in C depends on U, the uncertainty of C. It is assumed here
that the percentage shift, P, should not exceed

This restriction ensures that for p:s; 0.5, where other sources of error are dominant, PIU < Po for
0.5 < P s 0.71, where pipe roughness is a major cause of error, PIU < 0.5; for 0.71 < p, where
pipe roughness is one of the two largest causes of error, the maximum value of PIU increases
from 0.5 atp= 0.71 to 0.55 atp= 0.75.• Given the value of P in Equation (16) and the value of A associated with the data in the
database (and thus with the equation) in Table 2, it is possible from Equation (15) to calculate
the maximum and minimum values of A.. and hence of kID for use with the equation for each Reo
and p. It has been decided to write ISO 5167 in terms of Ra rather than k for specfication of pipe
roughness, since this will be more convenient for users. On the basis of a simple computation
with a roughness profile in the shape of a sine wave it has been assumed that k =:: rr:Ra. (The
use of R, will apply for all primary devices. k will still be mentioned.) The maximum and
minimum values of R/D for pipes upstream of orifice plates are given in Tables 3 and 4.

Table 3 - Maximum value of 104R/D

•
Reo

$:.104 3x104 105 3x105 106 3x106 107 3x107 108

B
:S:0.20 32 32 32 32 32 32 32 32 32

0.30 32 32 30 24 19 17 15 14 13
0.40 21 15 10 7.2 5.2 4.1 3.5 3.1 2.7
0.50 11 7.7 4.9 3.3 2.2 1.6 1.3 1.1 0.92
0.60 5.6 4.0 2.5 1.6 1.0 0.73 0.57 0.46 0.36

;;::0.65 4.2 3.0 1.9 1.2 0.78 0.56 0.43 0.34 0.26

Table 4 - Minimum value of 104R.,ID (where one is required)

Reo
S3x106 107 3)(107 108

B
SO.50 0.0 0.0 0.0 0.0

0.60 0.0 0.0 0.003 0.004
;;::0.65 0.0 0.013 0.016 0.012

It will be stated that the requirements of this section are satisfied in both the following cases:

1 J.LmS Ra $:.6 J.Lm,D;;:: 150 mm, pS 0.6 and Reo:S; 5 x 107
•

i.s um S R. S 6 J.Lm,D;;:: 150 mm, .0> 0.6 and ReD::;; 1.5 x 107
.

•
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Three Venturi tubes, of diameter ratios 0.4,0.6 and 0.75, were calibrated at NEL (in addition to
baseline measurements) with a contraction, an expansion, two bends in perpendicular planes, a
single bend, and two bends in the same plane at various distances upstream of them. In each
case the distance was increased until the magnitude of the shift in discharge coefficient from the
baseline was less than 0.25 per cent. •

The roughness shall meet requirements given above for 10D upstream of the orifice plate. The •
roughness requirements relate to the orifice fitting and the upstream pipework.

The minimum values repre.sent exceedingly smooth pipes. The tables prescribe kID 5; 0.01
even if the calculated value is higher. The limits for Reo = 104 can be used for smaller Reo·
Although the limits for very large Reo are much tighter than those in ISO 5167-1: 1991, for Reo
= 3 )( 105 they are very similar, an unsurprising agreement since the limits in ISO 5167-1:1991
were probably derived from data collected at around that Reynolds number.

It might be argued that an equation with a friction factor term included explicitly should have a
lower uncertainty. Such an equation was rejected on the grounds that it would be difficult to
use.

7 PULSATION EFFECTS

A short clause which will clarify the acceptable limits for pulsations will be included: the flow is
considered sufficiently steady for ISO 5167 to apply when

6.fJ:ms s 0.1 0 ,
Sp

(17) •
where tlp is the time-mean value of the differential pressure and tlp~s is the r.m.s. value of
Sp' , the fluctuating component of the pressure. This clause is consistent with ISOITR 3313
[16]. tlp:mscan only be measured accurately using a fast-response differential pressure sensor;
moreover, the whole secondary system in undertaking this measurement should conform to the
design recommendations specified in ISOITR 3313. It will not, however, normally be necessary
to check that this condition is satisfied.

8 THROAT THICKNESS FOR NOZZLES

For long radius high-ratio nozzles 9.2.2.5 of ISO 5167-1: 1991 states that the thickness F of the
throat shall be between 3 mm and 13 mm. However, it has been pointed out that for large pipe
diameter this may be too small to prevent distortion due to machining stresses. ASME MFC-
3M: 1989 [17] gives (in ISO 5167-1 nomenclature) 2F :::;D - d - 6 where F, D and dare
expressed in millimetres. There is also a problem for small pipe diameters: if D = 50 mm and P
= 0.8 it is not possible to satisfy 9.2.2.4 and 9.2.2.5.

Following Japan's suggestion no maximum for F in the revision of 9.2.2.5 will be specified. The
maximum can be deduced from 9.2.2.4 and will be the same requirement as was given by
ASME MFC-3M. 9.2.2.5 will also be revised to take account of small pipe diameters and the
second half of the draft clause reads as follows: 'The thickness F of the throat shall be greater
than or equal to 3 mm, unless D s 65 mm, in which case F shall be greater than or equal to
2 mm. The thickness shall be sufficient to prevent distortion due to machining stresses.'

•
9 .STRAIGHT LENGTHS UPSTREAM OF VENTURI TUBES

The present straight length requirements upstream of Venturi tubes have been shown by data
collected in the UK and Germany to be too short, and revised lengths will be included in ISO
5167-4.
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References [18] and [19] describe the Venturi tubes and pipework used for this project and the
measurements of installation effects obtained with them. All the experimental data were taken
in water: over the complete database the throat Reynolds number, Red' was always in the range
1.9 )( 105 - 2.0 )( 106. Three classical Venturi tubes with a machined convergent section had
been made by ISA Controls ltd for Shell UK Exploration and Production to meet the
requirements of ISO 5167-1. The pipe diameter was 154.0 mm. The divergent angle was 7~0.
The pressure tappings were 4 mm in diameter and were connected in 'triple-tee' arrangements.
Lengths of pipe upstream of the Venturi tubes were machined to ensure there were no
significant steps near the Venturis. The lengths of pipe and the Venturi tubes were dowelled to
ensure concentricity; 0 rings were used to ensure that there would not be recesses or
protruding gaskets.

The three Venturi tubes were initiaHycalibrated with'41D"of'straight pipe upstream of the
upstream pressure tapping. Upstream of the straight pipe was a tube bundle flow conditioner.
They were then calibrated immediately before the installation effects tests described here. At
the end of all the calibrations (except for the calibration 17.8D downstream of a single bend
which took place one week after the final baseline) all three Venturi tubes were recalibrated
again. For each Venturi tube the slope of the calibration was positive for at least one calibration
and negative for at least one calibration; so the mean value was used for each calibration. The
mean value of discharge coefficient used as the baseline for each Venturi tube was the average
of the mean values from the second and third calibrations, which preceded and followed the
installation-effects calibrations.

The shift in discharge coefficient for a particular installation condition was determined by
subtracting the mean discharge coefficient obtained with that installation from the baseline
discharge coefficient. The measurement of length between a fitting and a Venturi tube is the
distance between the downstream end of the fitting and the upstream tapping plane of the
Venturi tube. The former has been taken to be the end of the curved portion of a bend or the
tapered portion of a contraction or an expansion; the weld neck has been considered to be part
of the straight length.

A contraction from 203 mm to 152 mm was installed upstream of each Venturi tube: the
contraction was conical with a length of conical section of 350 mm, giving an included half-angle
of about 40. Upstream of the contraction there was 4.7 m of straight 203 mm pipe (23
diameters of 203 mm pipe) preceded by a tube bundle. The mean shifts are presented in
Figure 3.

•

•
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•

An expansion from 102 mm to 152 mm was installed upstream of each Venturi tube: the
expansion was conical with a length of conical section of 375 rnm, giving an included half-angle
of about 40• Upstream of the expansion there was 4.9 m of straight 102 mm pipe (48 diameters
of 102 mm pipe) preceded by a tube bundle. The mean shifts are presented in Figure. 4. The
shifts are positive because the velocity profile is peaked.

•
Two bends in perpendicular planes were installed upstream of each Venturi tube. Upstream of
the upstream bend there was 26D of straight pipe preceded by a Zanker flow conditioner. The
mean shifts are presented in Figure 5. For all the calibrations downstream of bends the bends
were of radius 1.5D and each had short weldnecks of approximately 50 mm so that the bends
could be as closely coupled as possible.

FIG. 5 CHANGE IN C FOR VENTURI TUBES
DOWNSTREAM OF TWO BENDS IN
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A single bend was installed upstream of each Venturi tube. Upstream of the bend there was the
same 26D of straight pipe preceded by a Zanker flow conditioner as there was for the tests with
two bends in perpendicular planes. The mean shifts are presented in Figure 6. These
calibrations are in good agreement with the data of Himpe et al [20), particularly for the larger
values of p, and those of NEL (1985) quoted by Kochen et al [21). Both Himpe et al and NEL
had a pipe diameter of 100 mm.

Two bends in the same plane were installed upstream of each Venturi tube. Upstream of the
upstream bend there was 21D of straight pipe preceded by a tube bundle flow conditioner. The
mean shifts are presented in Figure 7.

FIG.7 CHANGE IN C FOR VENTIJRI TUBES
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Values expressed as multiples of internal diameter D

:

• Two conditioners, the Spearman (NEL) conditioner and the tube bundle, were tested
downstream of two bends in perpendicular planes and the single bend and upstream of the
Venturi tubes. The results are given in References [18] and [19]. The Spearman flow
conditioner gave excellent results.

On the basis that straight lengths should be calculated so that shifts in discharge coefficient
should be smaller in magnitude than 0.25 per cent or alternatively, for greater uncertainty, 0.5
per cent, the proposed revision of Table 2 of ISO 5167-1 was obtained. It is given as Table 5.
The column relating to upstream valves has been left unchanged because of a lack of new data.
To provide lengths for values of f3 other than those measured an appropriate dependence of
shift on f3 based on both the general pattern of the data and the specific installation was
assumed. Given the lack of multiple data sets for combinations of bends it was decided that the
lengths from combinations of two bends should not be less than those from a single bend. It is
known from the orifice installation effects data that a small change in bend separation can have
a significant effect on the discharge coefficient shift. Moreover, it hardly seems sensible to
encourage the installation of two bends in perpendicular planes upstream of a meter. The
straight length is defined as it was for the tests; columns A and B are defined as in Table 1.

• Table 5 - Required straight lengths for classical Venturi tubes

Diameter Single 900 Two or more Reducer Expander Full bore ball
Ratio bend*) 900 bends in 1,33Dto 0 0,67D to D or gate valve

the same over a length over a length fully open

f3 plane or of2,3D of2,5D
different
planes*)

1 2 3 4 5 6
A B A B A B A B A B

0,30 8 3 8 3 4 4 4 4 2,5 2,5
0,40 8 3 8 3 4 4 4 4 2,5 2,5
0,50 9 3 10 3 4 4 5 4 3,5 2,5
0,60 10 5 10 5 4 4 6 5 4,5 2,5
0,70 14 10 19 10 4 4 7 6 5,5 3,5
0,75 16 12 22 12 4 4 7 6 5,5 3,5

• It is encouraging that there is good agreement between the data sets shown in Fig. 6 of this
paper. In addition to those data shown Bluschke et al [22] obtained data for f3 = 0.71
downstream of a single bend and two bends in perpendicular planes: they are very similar to
those shown here, although with slightly larger shifts downstream of two bends in perpendicular
planes. The existing lengths required by ISO 5167-1 are similar to those obtained by Pardoe
[23]: he obtained positive shifts in C downstream of a single bend and stated that 60 was
sufficient downstream of a single bend even for f3 = 0.8, whereas downstream of two bends in
perpendicular planes even 300 would not be sufficient (at least for f3 > 0.55). An explanation for

.- thedifference between Pardoe's data and subsequent data is still required.

10 SURFACE ROUGHNESSOF VENTURITUBES

•
According to ISO 5167-1 the surface roughness for the throat of a classical Venturi tube is that
Rs s 10·5d; so for a 50 mm f3 = 0.4 Venturi tube a surface roughness of Rs s 0.2 urn is required,
which is very expensive to manufacture and unlikely to last long in service in the North Sea.
Moreover, according to ISO 5167-1 subsonic nozzles only require Ra s 10-4d; so Venturi tubes
must be 10 times smoother than subsonic nozzles are required to be. NEL has recently
purchased Venturi tubes from manufacturers who supply the North Sea and has found that
Venturi tubes usually have roughnesses outside the existing standard but within Ra ~ 10-4d. It
has been agreed that the required surface finish of the throat of Venturi tubes should be such
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that Ra s 10-JId. Modern data to verify the existing values of discharge coefficients and to extend
the results to higher Reynolds numbers are being taken using Venturi tubes that are typical of
current practice. •
11 CONCLUSIONS

ISO 5167 is being revised to take into account the work on differential pressure flowmeters
which has been done in recent years. This paper describes many of the planned changes:
revised straight lengths upstream of orifice plates and Venturi tubes, a new expansibility
equation for orifice plates, revised limits for eccentricity and flatness of orifice plates and for pipe
roughness upstream of orifice plates. More accurate temperature correction, clarification on
acceptable pulsations, and more practical throat thickness for nozzles and Venturi tube surface
roughness are all included. As regards uncertainty, minor changes to give consistency with the
Guide will be included. Other smaller changes will also be made.
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NOTATION

C Discharge coefficient RQ Universal gas constant (J/(mol.K»
cp Heat capacity at constant pressure ReD Pipe Reynolds number

(J/(mol.K» Reel Throat Reynolds number
D Pipe internal diameter (m) S Bend separation (m)
ec Eccentricity (m) T Absolute temperature (K)
F Throat thickness (of a nozzle) (m) U Percentage relative uncertaintyZ
H Enthalpy (J/mol) Compressibility factor
k Uniform equivalent roughness (rn) p Diameter ratio
p Percentage shift in C &1 Expansiblity factor
P1 Static pressure at upstream tapping K Isentropic exponent

(Pa) A Friction factor
P2 Static pressure at downstream flrI1 Pressure loss (Pa) •tapping (Pa)
!!lp Differential pressure (Pa)
Ra Arithmetical mean deviation of the

roughness profile (m)
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ABSTRACT

Estimating the uncertainty of complex measurement systems by analytical methods is difficult
and often the results do not inspire confidence.

Monte Carlo Simulation (MCS) is widely used in business by decision-makers to assess risk.
Risk in this context is uncertainty and can equally apply to the uncertainty of a measurement
system.

This approach has been used to assess the uncertainty of gas density, calorific value and
Wobbe Index and fiscal allocation metering uncertainty. It has also been used to assess the
uncertainty of test separators when regarded as multi-phase meters.

The MCS method of estimating uncertainty is fully compatible with the "Guide to the
expression of uncertainty in measuremenf' [1], the uncertainty of a measurement result is
usually evaluated using a mathematical model of the measurement and the law of propagation
of uncertainty [1} (Para. 3.4.1). The advent of powerful desktop computers enables this
technique to be applied to the propagation of uncertainties of most simple and complex
measurement systems including many that cannot be found readily by conventional analytical
means.

Results of these investigations will be presented to demonstrate the underlying simplicity and
reliability of this approach to uncertainty assessment.

The authors consider the universal nature of MCS is well suited to computer implementation
with potential to replace conventional methods for determining measurement uncertainty. We
hope that the methods presented will be considered in the development of future uncertainty
standards.

1 INTRODUCTION

This paper presents Monte Carlo Simulation methods in two worked examples. The first
example is a simplified gas export metering system which is compared with conventional
uncertainty methods from ISO 5168 [2], [3]. Whilst ISO 5168 [2] has been withdrawn by ISO
because it does not comply with the "Guide to the expression of uncertainty in measuremenf'
[1], it is nevertheless a practical document in the field of flow measurement. ISO 5168 [2] has
been replaced by a technical report; ISO 5168TR: 1998 [3] until a fully compliant document is
available. The second worked example is more complex and compares two empirical
methods of finding gas density uncertainty discussed in a paper by Jim Watson of NEL [41 with
the results obtained using MCS.

The examples used are based on actual projects by the authors, simplified for clarity. One of
the authors (Martin Basil) has applied the technique on many client projects mainly concerned
with fiscal allocation uncertainty including several meter stream uncertainties. In each case
uncertainty was first found by conventional methods and verified using Monte Carlo methods
with good agreement in all cases .•



The application of the Monte Carlo methods to measurement uncertainty arose from fiscal
allocation uncertainty projects in which confidence in the results was not high due to the many
assumptions made using conventional analytical uncertainty methods. The availability of a
method of assessing measurement uncertainties in relatively complex systems that is:

•
a) readily understood;
b) easily repeated; and
c) gives results in agreement with conventional analytical methods,

is the main reason for advancing this method.

2 MONTE CARLOSIMULATIONAND ITS USES

How is Monte Carlo simulation used to find the propagation of uncertainties through a
measurement system? The measurement system comprises a number of sensors whose
outputs are fed into a computation unit that generates the measurement system output (or
outputs). We suppose that a definite reference value is applied to the input of each sensor. If
we look at the output of one of the sensors at any time, however, it can have one of a range of
values that can correspond to the reference value, depending on how the sensor is made, and
how weJf it works. •Using a desktop computer, we can readily generate a realistic distribution of output values for
each sensor. We then select at random output values for each sensor and combine them
according to the measurement system algorithms. We repeat this as many times as we want.
The output of the measurement system will show a range of values for the set of sensor input
reference values. We can then analyse that distribution of values using standard statistical
techniques to generate the best estimate of the required measurement, and its uncertainty,
corresponding to the set of sensor reference input values. We then repeat the process for
sets of sensor input values, and generate estimates of uncertainty over the desired
operational range of the measurement system.

In a short time (tens of minutes) we can simulate someone carrying out the same process with
the real measurement system. However, it is usuaJfy quite impractical to carry out this
process with a real measurement system.

Monte Carlo Simulation has a history going back to 1873 in which experiments were
performed by dropping needles in a haphazard manner onto a board ruled with parallel
straight lines to infer the value of 1t (= 3.1416 ... ) from observations of the number of
intersections between needle and lines. The first serious application was in 1908 by W. S.
Gosset, (who went by the pseudonym of Student), to help him towards the discovery of the
correlation coeffiCient, and in the same year the Student t-distribution. Monte Carlo Simulation
methods were developed as a research tool during the Second World War on the atomic
bomb to simulate probabilistic problems concerned with random neutron diffusion in fissile
material. The theory was developed further from about 1970 to solve a class of problems
where there was not sufficient time to find an exhaustive solution as the number of evaluations
expanded exponentially.

•
Today Monte Carlo Simulation is widely used in all areas of activity including business risk
analysis, weather forecasting, atomic physics, drilling, manufacturing etc. Metrology is an
area in which this technique has not been applied to any great extent and this particularly
applies to flow measurement uncertainty. This may be because neither of the two standards
for this area, "Guide to the expression of uncertainty in measurement" [1J and 1805168 [2],
provides any guidance in the use of simulation methods other than simple numerical methods
used to find input/output sensitivity.

•
2



E TRSS = 0.7071 % (2)

Monte Carlo Simulation offers significant advantages over conventional methods when
evaluating the uncertainty of measurement systems with the following characteristics:

• Large number inputs and outputs
• Non~linear relationships requiring 2ndorder partial derivatives to find sensitivity terms
• Large measurement uncertainties where linear interpolation assumptions fail
• Complex mathematical or empirical input/output relationships
• Input dependencies where the measurement system modifies the action of other inputs
• Untypical input and output distributions that cannot be described in conventional ways

The purpose of this paper is to explain the Monte Carlo Simulation uncertainty method for the
benefit of a wider audience. We hope this will also lead to incorporation of these methods in
future revisions of the, "Guide to the expression of uncertainty in measurement" [1J and ISO
5168 [2J, [3J so that a common approach is used to apply Monte Carlo methods to
measurement uncertainty.

3 EXAMPLE 1: GAS EXPORT METERING SYSTEM

A simplified gas export metering system is used to illustrate the calculation of uncertainty by
MCS. Uncertainty is first calculated by conventional Root Sum Square (RSS) methods and
then by MCS. The close agreement demonstrates the fundamental nature of MCS also
showing that either method can be used to check the other.

The gas export metering system in Figure 1 comprises two identical streams fitted with orifice
plate meters each with a measurement uncertainty of 1% of reading and a flow rate of
10 mmscfd. This example is only for illustration and considers uncertainties as random ..

I Stream A .:::::>------1l----...,
0,,= 10mmscfd
E,,=1% Total

aT= 20mmscfd
ETRSS= O.7071 0/0I Stream B ;;>------1 1---- ....

as= 10mmscfd
Es=1%

Figure 1 Gas Export Metering System

Uncertainty is found using conventional RSS methods in ISO 5168 [2J as follows:

To find uncertainty by MCS the flow rate measurement of each stream is simulated by
generating random numbers with a normal distribution that are then applied to a mathematical
model of the metering system. The model in this case is simply the sum of the two streams,
Equation (1). The normal distribution is generated with a mean at the expected measured
value of 10 mmscfd and a standard 'deviation of 0.05 mmscfd is obtained from the
measurement uncertainty of 1% of reading with a 95% confidence level.

mmscfd ( 1 )
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The simulated stream measurements are applied randomly to the model to give a set of flow
rates with a normal distribution. The total flow rate is found from mean of the distribution and
the uncertainty with a 95% confidence level is found from twice the standard deviation. •
Figure 2 illustrates the simulation of the flow rate measurement of each meter stream input to
the model and the resultant distribution. In this case 100,000 trial results were computed in
less than 5 minutes. Generally fewer trials, in the region of 5,000 to 20,000, are sufficient for
this application however the resulting distribution can appear ragged which may not be
acceptable for presentation. The number of trials should be increased in proportion to the
number of inputs to ensure most input combinations are properly covered.

In this example the MCS uncertainty of 0.7048% of reading is within 0.3% of the uncertainty of
0.7071 % of reading found by RSS means.

Figure 2 shows simulated inputs with a normal distribution. Using MCS input distributions may
be rectangular, triangular, skewed, discrete values or any other distribution that reflects the
nature of the measurement. This can include actual measured data, which is then applied
randomly to the model input. Systematic bias errors are particularly difficult to deal with using
conventional methods but they can easily be propagated through a model with MCS.

E TRSS :: 0.5774 % (4)

In Figure 3 Stream B flow rate measurement has been given a rectangular distribution with
upper and lower limits at 1% of reading. The results again show good agreement between the
RSS and MCS uncertainty methods.

QA= 10mmscfd
EA=1%

aT= 20mmscfd
ETMCS=O.5756%
ETRSS=O.5774%

as= 10mmscfd
EB=1%

Figure 3 Gas Export Metering System Stream B Rectangular Distribution

To cater for the rectangular distribution the Stream B uncertainty is divided by v3, in
accordance with the "Guide to the expression of uncertainty in measurement" [1], before
finding the RSS uncertainty.

Q T =20 mmscfd (3 )

Results from the examples in Figures 1, 2 and 3 are summarised in Table 1.
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Table 1 - Comparison of Gas Export Uncertainty Found by RSS and MCS

r··············Stream··············r·MeasureifT·Uncertainfj···r···A··&··EfNormai···T········A··Normai":········l
j l Quantity j l Distribution j B Rectangular j
1 j i i j Distribution l
i j (mmscfd) i (% reading) i (mmscfd) 1 (mmscfd) i
;.~••••••••••• ~•••••••••••••••• u ••••• u ••• u ••• , ••••••••••• u ••••••• u u ••••••• u ••••• u ••••••••••• ~ u u u ;

iA j 10 j 1% i 9.9895 i 9.9895 j

ls·····_·_-_···_· __··_·_-_···_·-I-··--10·_·_+···_··_-f%--·-···1-·-··-··iO~0235-·--·-i-···--·i·Oji488·--····i
iTot.ar r 2.O-.·········r································r········2():cH"30 T _ 20jl384 1
lMCS··Meaii·····················t····························r·······························t············1·S:9994········· ..j···········2c):OOO·2···········1
i u .. u ••••• u ••••••••• ~ l u ••• u •• u ••••••• l J u L :;~:.- J
iMCS uncertainty j i i 0.7043% i 0.5751% i~
~c·onvenijoiiar···········+············ ..··..··········t··································j··········O~y(j"f1·O/~········+·········O:5774o/~··········1
1uncertainty iii ! !
................. a~~_•••••••• _ u u.u •• u •••••••••••••• ~ _••••••••••••••••••• _ u •• u ..

4 EXAMPLE 2: AGA8 GAS DENSITY UNCERTAINTY

In this example MCS is used to find gas density uncertainty for two gas mixtures and compare
them with the empirical methods discussed in a paper by Jim Watson of NEL [4]. Calorific
Value and Wobbe Index uncertainty have also been found by MeS as a further demonstration
of this technique.

Gas density can be found from a gas composition, pressure and temperature using the
American Gas Association Report No 8 (AGA8) [5], Detail Characterisation Method. This is a
complex calculation based on two equations of state and defined in a FORTRAN computer
program for up to 21 gases over a wide pressure and temperature range.

AGA8 has a "Method" uncertainty, tabulated in Table 2, that is dependent on the pressure and
temperature of the gas mixture. This uncertainty arises from the experimental data used to
develop and verify the standard. These uncertainties apply to the "Normal" range of gas
mixtures for all regions and have also been verified for the "Extended" range of mixtures in
Region 1.

Table 2 - AGA8 Gas Compressibility Uncertainty

r·····Reg·ion·····r····"Cince·rta·iil·iY·····T··Tempe·;:atu·r:e··Ban(fT···········Pressure··Ba·n(j············l
! l (% reading)! (0C) ! (Mpa) !
..... u ;················· ..··u u•••••••~••u ••u ••u u- u t

i 1 i 0.1 1 -8 to 62 i Ot012 ir··········2············-r· ..············C):3···············r·············.:siJ"to··1·20··· ..········r····················O·to-1·:;·····················1
•• 4 u ~ U4 ••••••• 4.4 ••••••••••••••••• 4 U u •••••••••• u •• u ~ _ ..

j 3 l 0.5 j -130 to 200 l Ot070 !

t::::::::::I:~::::::::t:::::::::::::::~:;Q:::::::::::::::1::::::::::::~~:~:~::!~::?:~:Q:::::::::::t:::::::::::~::::?Q)~j:~g:::::::::::::::::::l
Using AGA8, the density uncertainty of a natural gas arises from the following sources:

a) pressure measurement uncertainty;

b) temperature measurement uncertainty;

c) gas component uncertainty from:

CO2, N2, C1 to C7+ - online gas chromatograph;
H2S - analyser;
C8 to C12 - C7+ tail from periodic sample analysis

d) the uncertainty of the AGAB calculation method.•



Conventional analytical uncertainty calls for a calculation of the sensitivity of the gas density to
each of the input terms. Sensitivity is found from the partial derivatives of each input with
respect to the gas density. n practice this is not possible due to the large number of input
terms and the internal complexity of the AGA8 calculation.

•
Sensitivity may also be found numerically by introducing a perturbation to each input of the
AGA8 calculation to find the change in gas density. By combining the input sensitivity with the
input uncertainty using RSS, the gas density uncertainty can be obtained, but this approach
does not cater for interactions between inputs within the calculation.

Two alternative empirical gas density uncertainty methods that have been suggested in the
NEL paper [4] are:

General method - each component uncertainty is weighted in proportion
to the mole fraction of the component

1

(5)

•

2

EctO.I{ 1+ (log 1O(~)2)] (6)

Rich Natural Gas (RNG)- a log rule is used that applies a greater uncertainty to
components with a smaller mole fraction.

The component uncertainties are combined using RSS with the uncertainty of 0.15% due to
pressure, 0.1% due to temperature and the AGA8 method uncertainty of 1.0% to find the
overall gas density uncertainty:

1 Weighted Component Method

Epgasl = ( )2 2 2 2E.rXj +Et +Ep +EAGA8 (7)

2 RNG Log Rule Method

Epgas2= [0.1.[1+ (lOg }o(Xj)2) JY + Et
2

+ Ep2 + E AGAS
2 (8)

The gas density is found using MCS by treating the AGA8 calculation as a black box
illustrated in Figure 4.

~ p....... T
...&... CD~
..A.. N....... HZS

....&.. C1
Cl

...&..

........ AI

Figure 4
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For each input to the black box a range of values is generated with a normal distribution
whose mean corresponds to the input value and whose standard deviation corresponds to the
uncertainty of the input value at the 95% confidence leveL For each trial a value is selected at
random for each input and applied to the AGA8 function within the black box and a value of
gas density is calculated. Trials are repeated to generate a realistic distribution of gas
densities corresponding to the uncertainties of the inputs.

Gas density is found from the mean of the output distribution, which in this case is a normal
distribution. The gas density uncertainty at a 95% confidence level is found from standard
deviation multiplied by 1.96. This uncertainty due to the input measurement uncertainty is
combined with AGA8 method uncertainty using RSS to give the overall gas density
uncertainty.

Gas density uncertainty, Calorific Value and Wobbe Index are found for two normalised gas
mixtures. Firstly, a natural gas mixture and secondly, the Rich Natural Gas mixture RNG1 in
the NEL paper [4]. The empirical methods are used to find the gas density uncertainty and
then compared with the uncertainty found by MCS at 100 bar absolute and 45°C. Component
uncertainty is 0.5% reading for the Weighted and MCS uncertainty method and does not apply
to the Log Rule method.

The composition of each gas mixture is shown in Table 3. Gas properties and uncertainty for
each gas is summarised in Table 4 for the three uncertainty methods.

Table 3 - Gas Mixture Composition

Table 4 - Gas Density U rtainty Comparison 100% Mixture

UncertaintyProperty AGA8

~.~ u.................. . .1: n................... • -...... • __ __ u.•..•.•

! ! I Wei~hte ~~~ j MCS

1.253% 1.163%74.603 ~
:;

........................ .i.••••••••••••••••• h.U................. . ~.~•.~•........... _ J. u .1........ .. ~ ~ _.. __ _.1 .

~Standard Density ! 0.7291! 0.1%! ! ! 0.450%
i (kg/Sm3) i! i i !

... ..~~~ l ~..~ _............l l ~~1 _ _...........i .i - -
! CV 15/15 Real Sup i 34.67 !! ! 0.471%
l (MjlSm3) l! 1 !

....................... ....i. _................................. • •••••••• J.._ ~•••~••_••.....•.•.. ~.l __ _...... _ J.••••• ~ .

; Wobbe Index (MjlSm3
) ! 50.1 1 ! ! ! 0.261%

Natural
Gas

RNG 1. Density (kg/m3) ! 148.967 ! . ...................~...................... . ~..~ ~ ~......... . ~•.•~.··.. ···· .. ······_··· ..··· · ..···4 ········.............. .. ..~ ~ .
! Stand Density ! 1.112 ! ! ! !
i (kg/Sm3) i t i ! i

........................... .f .......•.•••. ~.............. ············· .. ··············~········· ..· .. • ~.. ·~~····i·................................... i ~.u.~ ~ ~.................. .
i CV 15/15 Re Sup ! 49.56 ! l! 0.299
! (Mj/Sm3) iii i

·..·~..·················t··u ~ ········ ···i· ··-··············t········· ..········~·..~········t················ ~ + ~ .
i Wobbe Index (MjlS i 52.02 l ! ' ! 0.195%
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omparison in Table 4 shows g d agreement between the line density uncertainty for aU
three ethods with marginally bette agreement with natural gas between MCS and the
Weighte ethod. Similarly there is m rginally better agreement between MeS and the Log
Rule metho with the RNG for which the g Rule was designed.

•
In the case of t two empirical methods the certainty due to pressure and temperature had
to be estimated b other means whereas this w inherent in the MCS method. The dominant
effect of the pressu uncertainty on the overall u ertainty requires particular attention.

The Log Rule metho as component uncertain is calculated. Agreement between
uncertainty results will no e as close for component ncertainties for values differing from
the 0.5% used in this examp

In this example the AGA8 metho ncertainty is 1.0% and is tli main influence on the overall
density uncertainty at line condition Where the method uncerta ~ is lower the influence of
the other sources will have a greater i act on the final uncertainty.

a reduction in the spread of result nd consequently the uncertai
an offset in the final density from the

In the course of this work it was noticed tli when one gas is dominant,
natural gas, then normalisation of the gas co osition leads to:

ion in the spread of results is due to the norm . ation process in which all 0
componen become dependent on each other. Some u rtainties cancel reducing tlie
overall unce inty. This only becomes apparent when applyin MeS and is masked by the
Simplifications I the other methods discussed, which do not take a unt of dependencies.

The offset in the fin density is due to normalisation when one gas, thane, is dominant.
Methane is redistribut over gases with a greater molecular weight . hout applying a
correction for difference I olecular weight. In the following example it is own that this
effect may be significant an quires further investigation into the methods an e need for
normalisation.

The initial gas composition of 99.5 mol is based upon the natural gas described above . h a
0.5% mol% reduction in methane. Table 5 on the next page shows the initial gas compositi n,
the normalised composition with the normalised and un-normalised gas properties and
uncertainties. •
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AMENDMENT - UNCERTAINTY OF COMPLEX SYSTEMS BY MONTE CARLO SIMULATION

i
Property Value I AGA8 Method UncertaintyGas i

1 uncertainty~ , I I, Weighted I Log
,

MCS! ! I
I

! t I Rule !i !

Line Density (kg/rn3
)

I i , I iNatural
I 74.603 0.1% , 0.52% , 0.77% 0.60%I II , !, !

Gas
Standard Density (kg/Sm3

) i , I

!
;

0.7291 0.1% I

I 0.45%I
I
I

CV 15/15 Real Sup (MjlSm3
) I I

I
I ;

34.67 I
I ! 0.47%I I

I ,, , I

I Wobbe Index (Mj/Sm3
) i !

,
I

50.10 , I ! 0.26%i I
I !,

Line Density (kg/rn3
)

; ,
j I IRNG 1 I

I
148.967

,
0.1% 0.39% 0.63% 0.58%I ,, ,

i
, , I,

i Standard Density (kg/Sm3
)

I ,
!I 1.112 , 0.1% , 0.26%I I

I I
I,

CV 15/15 Real Sup (MjlSm3
) ! I i ,

i, 49.56 , ,
0.30%, ,

!
,, , I,

I Wobbe Index (MjlSm3
) ! 52.02

, i i
,

0.20%,
!,

I I

Table 4 Gas Density Uncertainty Comparison 100% Mixture

The comparison in Table 4 shows agreement for line density uncertainty between the Weighted
method and MCS for Natural Gas. Similarly there is good agreement between MCS and the Log
Rule method with the RNG for which the Log Rule was designed.

In the case of the two empirical methods the uncertainty due to pressure and temperature had to
be estimated by other means whereas this was inherent in the MCS method. The dominant
eHect of the pressure uncertainty on the overall uncertainty requires particular attention.

The Log Rule method gas component uncertainty is calculated. Agreement between uncertainty
results will not be as close for component uncertainties for values differing from the 0.5% used
in this example.

In this example the AGA8 method uncertainty is 0.1 % and is not a major influence on the overall
density uncertainty at line conditions. Where the method uncertainty is higher the influence on
the final uncertainty is greater and can be the main source of uncertainty at extreme
temperatures and pressures ..

In the course of this work it was noticed that when one gas is dominant, such as methane in
natural gas, then normalisation of the gas composition leads to:

a) a reduction in the spread of results and consequently the uncertainty;
b) an offset in the final density from the un-normalised result.

The reduction in the spread of results is due to the normalisation process in which all of the
components become dependent on each other. Some uncertainties cancel reducing the overall
uncertainty. This only becomes apparent when applying MCS and is masked by the
simplifications in the other methods discussed, which do not take account of dependencies.

The offset in the final density is due to normalisation when one gas, methane, is dominant.
Methane is redistributed over gases with a greater molecular weight without applying a
correction for difference in molecular weight. In the following example it is shown that this eHect
may be significant and requires further investigation into the methods and the need for
normalisation.

The initial gas composition of 99.5 mol% is based upon the natural gas described above with a
0.5% mol% reduction in methane. Table 5 on the next page shows the initial gas composition,
and the normalised composition with the normalised and un-normalised gas properties and
uncertainties.



Total Line Density I Standard
I(II/m31 I Density

[1I/5m3

I

Calortfic ! Wobbe
Value IS/IS I IndeK

Sup Real 1 Real(AGA8)
Hj/Sm3 I MjJSm3

i

AMENDMENT - UNCERTAINTY OF COMPLEX SYSTEMS BY MONTE CARLO SIMULATION

K Temperature Prenure j' Nitrogen I ["rbon I Methane Ethane I Propane n-IIUhne! I·Butane In-Pentane I
dell C bar a , molql" I DioKide I mol~ mDI~ mo'~ molql" I mo''IW I mo'~ 'I Composition

i I mol'llo , I I mol%

i I I ,I I i

Table 5 Natural Gas Mixture 99.5% Un-normalised and Normalised Results with 0.5% Component Uncertainty
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Table 5 - Natural Gas Mixture 99.5% Un-normalise Normalised 0.5% Component Uncertainty

Pnssure bar j Ni1roa:eD j Carbon 1Mdhane mol%l Ethane Propane n-Pentene i: Total iLine Density i Standard Calorific i Wobbe
a ! molV. ! Dioxide : 'mol"!. ",ol"!. mol"!. mol"!. Composition l,. Kgfml 1,. Density ! Value 15/15 l Index

! 1 mal% ! ] ,,! mol"!. KglSml i Sup Real iReal(AGA8)
! ! : ! . . .. i!! Mj/Sml l MjlSml

.~_.. u ••••u ••••••••.;.••••••••••••••••• J ~•••••• ~•••••••••• =. "' •• u.u •••••u •••• u.l ••••••uu ;.. , •••••••••••••• u.,I....... ••••••••••• : -••••••--.- ••••~••••-•••••••••••••••• l n : •••••••••••• u ••••••• i.-- •.................
Input (Mean) ; .00000 l 0.920 j 0.970 l 92.790 1 4.290 j 0.390 j 0.060 1 0.030 ! i 99.500 i 74.160850 i 0.125692 i 38.457864 i 49.974627
I--------f --.u lu ,i. ••••••••••••••••• i un i,•.•••.•u.u J. .••.••••••••••••••••• .i. ••••••••••••••••• ~ ~l.·..·············.i····-··-····-·· = j _ h ••••• i --.----..-~ i- .

1-~-:-:-ert-p:-:-~-(U-ni-ts-)-1=:::~3.~::J~i~=~:;~+-~~~::.b~:::I:::::~:~J::~~:I::;;=:E~~:L::~~:::I:::::::::::::::::~L:::::::::::I~~:::::::::~~:t:~~:::::::::1:::::::::::=
Normalised (mol%) 45.ooo! 100.00000 ! 0.925 E ! 93.256' 1 4.312 r 0.392 i 0.060 ! 0.030 ! 0.050 l 100.000 635648 i 0.729355 i 38.651987 l 50.100601

··-········-·····--r----r--··-·--r--·-··- ··;-----·-r--:r--r-----l·-·r···--··l·~:ar=·r···--·······~·-;:IQOO%··r;:iOOO;;····I···O:iOOO;;-
f-....;....,:-----~·················..·..·T..· ····T ·····r ..···..········..T ..·..···..· ·.. ..~ ·..· ···T·..· ·..T · ·T..·· ··..···T··· ····..····T..··M~~~~Drl~..·T ..ii:59·j9%..·r· ······..·..i..ii:4S·99ii;;;~·rii:2406S2%..

I iii . i! i ! ! ~';=~ii I ~ .!
Monte Carlo inc 1.1631% 0.4504%

Method
Uncertainty
%Rcading

Normalism 0.216241% 0.036619"10 0.020065%
Montc Carlo
Uncertainty
"IoReading

Normalised 1.0231% 0.1020"/. 0.1010";'
Monte Carlo inc

Method
Uncertainty
%Rcading

·------···-ro~~:~:r:~:J::::O:~..~~:-::[;I::I:i:;~:l:-::::::-:-:::::::I··I:~"I~J::-::::-:-~:J:~_:~::r:-.::_~_::_:
0.4640"10 O. IS% [0.00200;' j 0.0003% i 0.0002% i 0.0003% i Weighted j i i j: Iii I~~~~Ii I !

Input

1------1 -;
;
;
;
;,

f-------~ ·..~ · i ..

~ ~
i :
i :
i :

! ! .1- ; u U ••••• 4 '····'·····"··1'·"'·····"·"·"
0.1000% j 0.1500% i 0.1001% iLog Rule Uncertainty

(%Rcading)

0.1500% 0.0049%0.1000";'Weighted Uncertainty
(%Reading)
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Line density distribution for un-normalised and normalised results in Figure 5 clearly shows a
decrease in uncertainty from 0.59% to 0.22%, before applying the AGA8 method uncertainty,
due to normalisation. Figure 5 also shows an increase of 0.48 kg/m3(0.65%) in line density
from 74.16 kg/m3to 74.64 kg/m3,again due to normalisation.

•
Line Density NonnallsedJUn..normalised Comparison

m4 ~--------------------------~--------~

.c .Il3l
ac.ced: .018

.IlSS

TJ.8fSDlID U.2SDDlID TS.1IIIlDIIIl

Figure 5 - Effect of Normalisation on Line Density •
Figure 6 shows the same for standard density with a more pronounced reduction in
uncertainty from 0.44% to 0.04% and with an increase in standard density of 0.5%.

Standard Densli;, NormlUsedAJn.normallsed Con1Jadson

~--.c
Ie.ce..c, • stilldiUI OUJIII(IDlllullhd I<';'SII:I

D.T2IDDD 01232511 DI21S1l11 D.mTIII DI3DDlJD

Figure 6 - Effect of Normalisation on Standard Density •5 CONCLUSIONS

Monte Carlo Simulation is a suitable method for determining the uncertainty of simple and
complex measurement systems. MeS can be readily applied to verify uncertainties found by
conventional analytical methods and to serve as a means of detecting errors to ensure
confidence in the results.

When estimating the uncertainties of complex measurement systems particular care must be
taken in identifying all uncertainty sources and how they propagate through the measurement
process. Monte Carlo simulation is a fundamental approach that simulates the true
characteristics of a measurement system, and implicitly the propagation of uncertainties
through the system.

In the second example MCS allowed the impact of normalisation to be observed highlighting
the change in the spread of results and the offset of the mean value. Conventional analytical
methods do not provide this degree of inSight. •
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• The availability of powerful desktop computers means that engineers can readily apply MCS
methods to finding the uncertainty of measurement systems.
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YEAR2000
Focus Discussion Group

• NORTH SEA FLOW MEASUREMENT WORKSHOP

YEAR2000 - WHY METERING ENGINEERS SHOULD BE CONCERNED!!

Of al\ the systems used in the upstream industry, reports from operators of
Y2K problems with metering systems are common place. .
What are these problems and what are the operators and metering equipment
vendors doing about it ?
Also, what are the vendors doing about continuity of their own business to
ensure they will still be able to service your needs?

• This workshop will be an opportunity for you to find out.

This workshop will be chaired by Ian Smailes who is a member of the core
Y2K team of Total Oil Marine and is Chairman of the UKOOA Y2K Task
Force.

To set the scene, Ian will describe how the UK upstream industry is managing
the Y2K issue as a whole, committing expenditure of more than £112 Billion
in the process, before leading to the typical problems discovered and , more
specifically, those affecting metering.

Ian Bates, Senior Metering Engineer at Total Oil Marine. will elaborate on
the problems he has discovered.

Karen Rigby of Daniel Industries and William Miller of NEL will give a typical
insight into what vendors are doing and how they are assisting upstream
operators.

There will then be ample time to share experiences and discuss whether we
have further cause for concern!

Biography
Ian Smailes career has covered the application of computers in industrial
automation, metering, telephony, technical and office systems.
At times, he has actually coded embedded chips but does not admit to ever
referring to the year in a date with only 2 digits!
He has worked for Total Oil Marine since 1986. Experience with Total has
included the refurbishment of SCADA and Telemetry Systems. evolving the
IT infrastructure, and refurbishing the networks supporting the exploration and
petroleum engineering departments.•
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MUL TI-FLUID

Operational Experiences - 1998

BRIEF INFORMATION ON RECENT INSTALLATIONS -
MFI MUL TIPHASE METER

Enclosed are some plots of recent field experiences of MFI Meters in different
applications. Some brief explanations are provided in the following.

The first plot is made by Statoil, showing results from a 1 year test (Feb 97 - Feb
98) at the Gullfaks platform in the North Sea. The purpose of this test was to verify
the operational stability of the MFI meter and to test its repeatability. The meter
readings were adjusted to the test separator readings at the start-up in Feb 97, and
the meter and its calibration was never touched after that point. As can be seen
from the plot, the repeatability is extremely good, with no drift at all observed after
one year of operation. The Meter did not suffer from any problems, and the readings
from the different well tests are generally within 5%. On an accumulated basis, the
oil, water and gas rates are found by Statoil to be within 1% during the whole one
year period.

The second plots show start-up (2,5 hr period) of a well in Africa. As can be seen
from the charts, a heavy emulsion during the first hour changed into steady flow with
GVF at 70% and watercut around 10%. Later on (not showed in the charts) the
watercut decreased to the expected level around 1-2 %. The second chart shows a
comparative test of the measurements from the MFI Meter towards a test separator
for a period of two weeks. As seen from the graph, the measurements from the MFI
Meter were within ± 1.2 % of the flow rates from the test separator during whole this
period.

A third example is taken from the Middle East, where different wells have been
tested. This MFI meter is installed in a very hostile environment (ambient
temperature during the day of 55 to 60 degC), and heavy slugging. The slug
intervals and lengths can easily be found looking at the plots. Another interesting
finding is that the temperature has a big impact on the flow conditions in the pipe, as
can be seen in the 14 h test plot. As you can see, the slugging becomes more
severe as the ambient temperature decreases and the corresponding viscosity
increases. Another result of the same is that some of the gas goes into the liquid
phase. These things have been known by the operators, but unnecessary to say
they were impressed by the MFI Meter performance which shows it real-time.

The final example is from Gullfaks A where 8 MFI MultiPhase Meters have been
installed. Six of the MFI Meters are used for allocation of subsea tie-in fields and
two MFI Meters are used to increase the welltest capacity of the test separator. The
following two charts show a comparative test of 9 wells towards the Gullfaks A test
separator. The wells have a GVF range of 25-75% and a watercut range of 10-90%.
As seen from the graphs, both the oil and gas flowrates are well within ± 5%.
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Multi-Fluid ASA Satelite P,latform- Africa

Oil Flow Rate: Relative Difference MFI vs Test Separator
MFI MultiPhase Meter
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Middle East Field, 1 hour well test
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Gullfaks A Satellites

•MULTI-FLUID ASA • •MFI MultiPhase Meter
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Operational Experience 1998

MFI MultiPhase Meter

• MFI MultiPhase Meters in faultless operation for 2 years.

Examples: Location
Allocation Gullfaks B ( SubSea system)
SubSea Meter Gullfaks B
Shell Gannet x 2
AgiP Trecate

Start Up
Nov. 96
Dec. 96
May 97
Sept. 97

• Proven drift-free operation for more than one year at Gullfaks B
• Field experience covering all flow regimes.
• Accuracy reported by users to be better than ± 5-7%

MUL TI-FLUID



North Sea

Measurement Workshop
1998

PAPER 27

FOCUS DISCUSSION GROUP D

GAS ULTRASONICS

Karen van Bloemendaal, Gasunie

•

•

fltough
Stamp



1

16TH NORTH SEA FLOW MEASUREMENT WORKSHOP

ULTRASONIC METERS AND NOISE
A TASK OF THE '98 GERG PROJECT ON ULTRASONIC GAS FLOW METERS

K. van Bloemendaal, N.V. Nederlandse Gasunie, Groningen, The Netherlands.
G.H. Sioet, N.V. Nederlandse Gasunle, Groningen, The Netherlands.

1 INTRODUCTION

1.1 Background

In 1995, the status of multi-path ultrasonic gas flow metering was investigated by a GERG pro-
ject group. This study not only established the state-of-the-art at that moment, but also identified
gaps in the knowledge of such meters, which could be identified as topics for future research.
The results were published in GERG Technical Monograph nr. 8 [1]. .

The most relevant of these "knowledge-gaps" were taken up in a second GERG project on ultra-
sonic gas flow meters (USM's). One of these items, the effects of (ultrasonic) noise on USM's,
was investigated experimentally by Gasunie, and some results are presented in this paper. The
other subjects of the GERG project, the effects of non-ideal flow, the development of a general
uncertainty model, the development of procedures to evaluate transducers, and attenuation and
propagation of noise in pipelines were or will be reported elsewhere (2, 3, 4, 5). This GERG
project ran in 1997 and 1998, and the project group involved 9 European gas companies: BG
Technology, UK; Distrigaz, Belgium; ENAGAS, Spain; Gasunie, the Netherlands; Gaz de
France, France; NAM. the Netherlands; Ruhrgas, Germany; SNAM, Italy, and Statoil, Norway.

1.2 Previous Work on USM's and Noise

•

The research of (ultrasonic) noise and the effects of it on USM's is induced by problems with
USM's in the neighbourhood of valves and regulators encountered by users of these meters. A
few times these problems in field locations were published [for example 6. 7,8], but more often
the problems are tackled in a practical way. Solutions to the problems are often sought in repla-
cing the (silent) regulator with one of a different type, usually a non-silent one, or by increasing
the distance between the regulator and the USM. The 1996 AGA Technical Note on USM's [9]
also advises not to install USM's in close proximity to throttling devices, and suggests manufac-
turers to improve signal handling by techniques as for example stacking, and to increase the
transducer power in order to increase the signal to noise ratio. In {S] it was possible to increase
the transmission output to the sensors, but this is not usually the case. {101presents a noise
suppression algorithm for a USM.
In field situations, varying of flow and pressure difference is often difficult, and noise, if measured
at all, can only be measured at one or two locations. In some publications [11,121 an attempt is
made to investigate the effect of noise on a given meter more systematically. However, the
scheduled tests in these cases were curtailed, because the USM'!? would not operate correctly
with substantial pressure reduction, and no noise measurements were performed. In [13] many
sound spectra were recorded and compared with the signal level of a USM, but this investigation
was performed at low pressures. [14] presents sound measurements of one regulator and signal
to noise ratios of a USM .

1.3 Aim of the Present Work

The aim of the present work is to investigate whether it is, in principle, possible to measure gas
flows with USM's in the vicinity of ultrasonic noise sources such as regulators, and if so, how
reliable the USM output is. This is done by observation of the performance of as much as possi-
ble USM's of different makes in the vicinity of a pressure reducer and simultaneous registration
of the noise disturbance in a more systematic way than has been done up till now. It has not
been the intention to perform a competitive test, in other words to identify 'tne best meter" .

•
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2 EXPERIMENTAL SET~UP

2.1 Test Facility

The experiments described in this paper were performed in a test section at the Gasunie labora-
tory in Groningen. The gas flows first through the test section and then through the reference
meters, before it is delivered into the distribution network of Groningen city. Pressure is reduced
near the inlet from the supply pressure of 40 bar(a) to the desired test pressure and in case the
test pressure is higher than 9 bar(a), between the test section and the reference meters, who
always operate at the outlet pressure of 9 bar(a). Flow rate is controlled at the outlet of the
facility, and it is limited by the gas demand of the city.

2.2 Pipe Configurations

The test section was about 18 m long. A large part of this section was of 200 mm diameter pipe.
The inlet and the outlet of the test section are defined by 150 mm plug valves, which are a fixed
part of the test facility. In the following figures, gas flow is from left to right.

o C 8 A

~ ~ ~ ~
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Figure 1: Test Set-up With Regulator Downstream (ON)

Figure 1 shows the set-up with the regulator (see 2.3) close to the downstream end of the test
section (ON). Downstream of the 150 mm angular plug valve, the piping expands to 200 mm.
Ca. 1.5 m upstream of the end of the test section. the pipe diameter is reduced back to 150 mm.
The 100 mm regulator is mounted between two 100-150 mm reducers and is located about 1 m
upstream of the outlet valve. The USM's spool piece (see 2.5) is located about 6 m downstream
of the inlet valve; the distance between the USM's and the regulator is about 9 m. Sound
measurement sensors (see 2.4) are located upstream (D), close to the middle of the test section
(C ), further downstream (8) and downstream of the regulator (A).
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Figure 2: Test Set-up With Regulator Upstream and USM's in Middle of Test Section (UP-M)
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Figure 3: Test Set-up With Regulator Upstream and USM's at Long Distance (UP-L)
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Figures 2 and 3 show the set-up with the regulator close to the upstream end of the test section,
and the USM's spool piece located respectively near the middle of the test section (UP-M), or at
longer distance, about 13 m, from the regulator (UP-L). In the UP-M case, the distance between
regulator and USM's was about 9 m, the same as in the ON case. Sound measurement sensors
were located at 3 positions downstream of the regulator: close to the regulator (L), near the
middle of the test section (N) and near the end of the test section (P). In the UP-L case sound
measurement sensors were located upstream of the regulator (K), between locations Land N
(M), and between locations Nand P (0).

•
2.3 Regulator

The regulator, a 4" axial flow valve see figure 4, is a pro-
duct of and made available to the project by Mokveld
Valves [15]. Bodies of such regulators are standard, the
internal cages, the parts where actual pressure reduction
takes place, are sized on specification. For this project
the maximum pressure difference was set at 27 bar, and
maximum flow rate at 30000 m3/h(s). The regulator was
equipped with a pneumatic actuator so that it could be
moved into position from the control room. Its position
output could be read by the data acquisition system.
The regulator was mounted both on the downstream and
upstream ends of the test section.

•
Figure 4: Mokveld Regulator.

Two cage designs were selected
in order to investigate the influen-
ce of these constructions on the
spectrum, see figure 5. The RVX
cage is a "standard" cage with 7
slots, which produces a lot of au-
dible noise. Noise levels of more
than 100 dB(A) were recorded in

, the test room. The RQX cage is a
low noise design with 228 holes, ~L:...~;:-~~"'.'
producing considerably less
audible noise. Figure 5: RVX (left) and RQX Cages.•
2.4 . Sound Measurements

Under att test conditions, the noise levels and spectra were measured inside the pipe at several
locations, both upstream and downstream of the regulator (see figures 1 to 3 in section 2.2). For
the sound measurements, PCB sensors type 132 A 41 [16] were selected. These piezoelectric
sensors are very smatt, 3 mm diameter, and may be used in high pressure surroundings. Res-
ponse is claimed to be accurate within Yz dB in the range up to 500 kHz. Calibration results of
the sensitivity, in the order of 3000 mVipsi, are supplied with each sensor.

The signal of the sensor was recorded on a digital storage oscilloscope. Every sound measure-
ment consists of 60000 data points, sampled at 1 us, which were stored on file and processed
off-line in a Matlab-environment. Every measurement was transformed into a spectrum by a FFT
procedure, from which sound pressures in 1/3 -octave frequency bands were calculated. Mean
sound pressure values over the frequency range of 50-500 kHz were calculated from these.

3



2.5 Ultrasonic Meters

Six major ultrasonic gas flow meter manufacturers were all willing to make available their equip-
ment for the measurements. These were: Daniel; Instromet Ultrasonics; Kongsberg Offshore;
Krohne Altometer; Panametrics and Ultraflux. Each manufacturer supplied one set of transdu-
cers and the necessary cabling, electronics and flow computers, to complete a t-path meter. A
pulse output frequency could be read by the data acquisition system of the installation for the
calibrations (see chapter 4).

Figure 6 Spool Piece Cross Section

E-E crosses the centre line at
an angle of 60°.Plane C-C con-
tains two straight paths, both
through the centre line at an
angle of 450

• Plane D-D con-
tains two reflection paths (both
transducers of one path are
located at the same side of the
pipe, and the ultrasonic beam
reflects on the opposite pipe
wail). Both paths have angles of
600

•

Using this spool piece, and
operating the ultrasonic meters
one by one, the results of the
meters and the effects of the
noise could be compared

2.6 Test Procedure

These 6 USM's were aUto be exposed to the same test
conditions and disturbances such as gas pressure, gas
velocity, noise levels and distance to the source of the
noise. For this purpose, a special spool piece was de-
signed in which each manufacturer could install one
pair of transducers. This spool piece basically consists
of a 200 mm ANSI 1500 pipe of 1 m length (see figures
6 and 7). Each meter is (part of) a commercially availa-
ble product of the manufacturer, each with its own
transducer holder design.

The transducer holders are located in the planes 8-B,
C-C, D-D and E-E. The planes B-8 and E-E each
contain one straight path (i.e. no reflection on the pipe
wail). The path in B-B makes an angle of 550 to the
centre line, and is located at half- radius; the path in

Figure 7: USM's Spool Piece

For each test set-up at three fixed upstream pressures, 15, 24 and 36 bar(a), the flow rate was
varied; and at two fixed flow rates, 6800 and 17000 m3/h(s), the pressure difference was varied.
At every test condition sound measurements were performed and all USM's calibrated. During
the sound measurements all USM's were switched OFF. The USM's were tested one by one, i.e.
when one meter is switched ON, all other meters are switched OFF. This way, the meters are
never influenced by (reflections of) signals from other meters.
As flow rates are given in standard cubic meters per hour, the actual gas velocity at the USM's is
dependent on the local pressure, which is different when the meter is upstream or downstream
of the regulator. Appendix A gives an indication of gas velocities at each flow rate.

4
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The sound measurements consist of sampling the signals from the piezoelectric sensors (see
2.4). The calculated mean sound pressures in 1/3-octave frequency bands are plotted against
the central frequencies in every band in the range of 30 to 500 kHz. The y-axis is given in the
sound pressure unit Pa, on a logarithmical scale, ranging from 1.e-1 to 1 .e+4 Pa 1.

In every situation the mean sound pressure in the frequency range 50-500 kHz was calculated
also, and plotted against three main variables: the valve position in percentage of maximum val-
ve opening, the product of flow rate and pressure difference and the distance to the regulator.

Figure 8 shows some results with the non-silent regulator RVX. The regulator was mounted at
the downstream end of the test section, and the sensors (B, C and D) were located upstream of
the regulator. The pressure upstream of the regulator was 36 bar{a). downstream 9 bar(a), the
flow rate was 12000 m3fh{s). The valve position was 41% open. Figure 9 shows similar results,
obtained in similar conditions, from sensor L, Nand P, located downstream of the RVX regulator
which was mounted at the upstream end of the test section.
These figures show clearly more noise downstream of the regulator than upstream, and also re-
latively more low frequency noise. With distance the noise decays, and this decay is stronger for
higher frequencies.

3 RESULTS SOUND MEASUREMENTS

3.1 Non-silent regulator RVX

• ,.£<00

•• 1
_ .•••. ~. ~' '. •• '1
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Centre Fre~ (ktuj

Figure 8: Results Sound Measurements
Upstream of Non-Silent Regulator RVX
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Figure 9: Results Sound Measurements
Downstream of Non-Silent Regulator RVX
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Figure 10: Results Sound Measurements
Upstream of Silent Regulator RQX
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Figure 11: Results Sound Measurements
Downstream of Silent Regulator RQX

• 1 For readers who prefer decibel scales: this scale is equivalent to a linear scale ranging from 74
to 174 dB, relative to the internationally accepted value for reference pressure of 20 IlPa [17].
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Figures 10 and 11 show results of the silent regulator RQX, under test conditions corresponding
to those of figures 8 and 9. Although this regulator is a low-noise one, designed for low noise in
the audible range and outside the pipe, this regulator produces more noise inside the pipe in the
frequency range of interest 30-500 kHz.

3.3 Mean Sound Pressure in Relation to Q*dP. Valve Position and Distance

Analysis of all (more than 500) obtained spectra revealed that the spectrum depends on regula-
tor type, pressure difference across the regulator and flow rate, valve position, and distance to
the regulator. In order to show these dependencies, the mean sound pressure (MSP) in the fre-
quency range from 50 to 500 kHz is calculated for every test condition. Similar calculations were
performed with two or more smaller ranges, to see the effect of frequency range.
Presented here is MSP(50-500 kHz) as a function of the valve position V, as a function of the
product of flow and pressure difference Q*dP which are important parameters in the generation
of noise inside the regulator, and as a function of distance to the regulator x as noise is known to
decay with distance. Because of the large similarity, only results of non-silent regulator RVX are
presented graphically.

Figures 12 and 13 show mean sound pressures MSP for regulator RVX, upstream and down-
stream of the regulator, as a function of the valve position. Only data points from the sensors
closest to the regulator, Band L respectively, are given in the figures, The other sensors show
Similar patterns. but at lower values.
The 5 different experiment series are clearly recognisable: three lines with fixed pressures and
variable flow rates, and two lines with fixed flow rate and variable pressures. At a given flow rate,
increasing valve opening means decreasing pressure difference, and accordingly decreasing
sound pressure. At a given pressure difference. with increasing valve opening, flow rate and
sound pressure increase.
With regulator RQX similar results were obtained.

Figures 14 and 15 show mean sound pressures for regulator RVX. upstream and downstream of
the regulator. With some scatter. the mean sound pressure fits logarithmically with the product of
flow rate and pressure difference Q*dP. Curve fits in the form MSP = A * In(Q*dP) - B are drawn
in the figures. Factor A decreases with increasing distance to the regulator.
A has larger values with silent regulator RQX than with non-silent regulator RVX. The difference
between RQX and RVX increases with increasing distance, and is larger upstream than
downstream of the regulator.
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Figure 12: MSP as function of Valve Position
Upstream of Non-Silent Regulator RVX
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Figure 16 gives MSP as a function of distance to the regulator. All results of regulator RVX (in
the different set-ups, see 2.2) are drawn in the same figure. The sensors A and K are located in
the short part of the test section, that is between the regulator outlet flange and the nearby

downstream valve (sen-
sor A, RVX-DN) or
between the regulator
inlet flange and the
nearby upstream valve
(sensor K, RVX-UP). The
results of these sensors
are given in open mar-
kers, in contrast to the
results of all other
sensors, given in black
markers.
The results of sensors A
and K are clearly very
different from all other
results. This shows that
not only the source of the
noise, the regulator is
important, but also the
up- and downstream pipe
work and fittings. In this
case, the up- and

downstream valves may act as reflectors for the sound inside the pipe. When disregarding these
results. the results of sensors 8-D and L-P show an exponential decay with distance.
For illustration. a grid of exponential lines in the form MSP(x) = MSPo - e .c'x is drawn in the
figure. The value x = 0 represents the middle of the regulator; the values of C and (maximum)
MSPo are given in table 1.
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• Figure 16: Mean Sound Power in the Range 50-500 kHz as a
Function of Distance x for Non-Silent Regulator RVX

Table 1 - Exponential Decay of Mean Sound Pressure with Distance

Upstream of regulator Downstream of regulator

. RVX 1 RQX RVX 1 ROX
(non-silent) (Silent) (non-silent) (silent)

C -0.00012 -0.00010
MSPo (max) 32 I 70 480 I 540
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The exponent C gives the decay rate. In the frequency range 50-500 kHz, the upstream noise
decays faster (C = -0.00012) than downstream noise (C = -0.00010). From the calculations with
divided frequency ranges it follows that exponent C is larger for higher frequencies than for lower
frequencies: the decay goes faster for higher frequencies •
The base MSPo, both upstream and downstream, is larger for the silent regulator RQX than for
the non-silent regulator RVX. The "silenr regulator is producing more noise inside the pipe in the
range of 50-500 kHz, than the "noisy" one. The ratio of noise for the two regulators RVX and
RQX is not the same at the different sides of the regulator: upstream it is 0.5, downstream 0.9.
These ratios change slightly with frequency.
Also, the base MSPo is much larger downstream than upstream for both regulators. This means
that more noise is measured downstream of the regulator than upstream. The ratio downstream-
upstream noise is not the same for these two regulators: 15 for regulator RVX and 7.7 for regula-
tor RQX. These values are lower for higher frequencies, and higher for lower frequencies. Noise
at lower frequencies is thus better "separated" by the regulator than noise at higher frequencies.

4 RESULTSULTRASONICMETERS

4.1 Presentation of calibration results

The USM's are calibrated against the Gasunie reference flow meters during 3 times 100 s. For
confidentiality reasons, the results of the calibrations of each USM in test situations with regula-
tor are only presented as error shifts compared to the mean error of the same meter in "ideal
flow": the calibration of the meter at the same pressure, when no regulator is mounted in the line.
The results of these "ideal" calibrations are not presented in this paper.
A calibration of a USM under noise disturbed conditions is only sensible if the meter is functio-
ning continuously. If one or more USM's are partially failing, one should assess its performance
in another way, for example with a performance comparison method as described below.

•
4.2 A Performance Comparison Method

As ultrasonic meters are based on a measuring principle using a beam of sound, it is likely to ex-
pect that they may be disturbed by sound in the right frequency range andlor of sufficient power.
Field experience learns that this is indeed the case. When both the ultrasonic beam and noise
reach the receiving sensor of the USM, it will be more difficult or even impossible to detect the
right signal out of it and from that, calculate a correct gas flow velocity. The output that is shown
to the user, in this case the frequency of the pulse output, depends on signal strength, signal de-
tection, analysis techniques and often also on user-set parameters.
The following four types of behaviour and the effect on the error curves of the meter, were ob-
served in the experiments. In brackets the number of meters that showed this behaviour is
given; one meter may be in different categories. •
1 The meter fails, and the pulse output frequency is set to zero Hz. If the failure is complete, a

meter error E of -100% will be found. If the meter only part of the time is failing, the error will
be smaller. (4 meters).

2 The meter fails, and the pulse output frequency is set to a user specified "error-frequency",
usually a frequency much higher than the maximum flow rate frequency. If the failure is com-
plete, a high error E will be found. The value of E is dependent of the error-frequency, the
frequency factor and the actual flow rate. If the meter is only partially failing, then the more it
fails, the higher the meter error is. (1 meter).

3 The meter continues working but with a larger output variation. In the error curve more scat-
ter will be observed. If the variation is on a relatively small time base, it is filtered out during
the measurement time of in this case 100 s. (2 meters).

4 The meter continues working but with erroneous output. The resulting error shift is usually of
several percents. The wrong output may be steady or switching between distinct values (2
meters).

•
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• For every test condition, each USM is given a "performance number" according to the scheme
below. From all these performance numbers for each test set-up (USM's upstream or down-
stream of the regulator, the latter at two distances), a mean performance number Pi is calculated
for each individual USM and Pm for all USM's together 2.

100 % IF
90% IF

OR
75% IF

OR
OR

50 % IF
OR

25% IF
OR
OR

10% IF
0% IF

• ,.t---+---f------!---+-----1

..
•to t-~-+---I------!---+-----1

USM functions correctly all the time AND meter error E is smaller than 1 %
USM functions correctly all the time AND E lies between 1 and 5 %,
USM functions but shows some alarms AND E is smaller than 1 %
USM functions all the time AND E lies between 5 and 20 %,
USM functions but gives regular alarms AND E lies between 1 and 5 %
USM fails sometimes AND E is smaller than 1 %
USM fails sometimes AND E lies between 1 and 5 %
USM functions only half of the time AND E is smaller than 1 %
USM functions only sometimes AND E is smaller than 1 %
USM functions half of the time AND E lies between 1 and 5 %
USM functions (almost) all the time AND E is larger than 20 %
USM functions only a few times shortly
USM is not functioning at all

4.3 Results with USM'sUpstreamof the Regulator

Figure 17 and 18 show meter error shift curves for all six USM's located near the middle of the
test section, upstream of the regulator which is mounted at the downstream end of the test
section (RVX-DN and ROX-DN). These are the results of the experiments with fixed upstream
pressure, 15, 24 or 36 bar(a), and varying flow rate. The curves are given as error shifts relative
to the meter error Emeso.Base from the calibration of the same USM at the same pressure but' in
absence of the regulator (see 2.6 and 4.1).

Except for the lowest flow rates, almost all error shifts are well within ±2 %. Although the noise is
at relatively low level in these situations, at the lowest flow rates of less than 1.5 mIs, the shifts
of some USM's are much larger: within ±15%. As almost all USM's kept on functioning almost aU
the time, the mean performance numbers Pm are 94% with the non-silent RVX regulator, and
93% with the silent ROX regulator. All meters were in one way or another affected by the noise,
the maximum PI was not 100% but 98%. For some USM's the noise from silent regulator RQX
was more severe than the noise from non-silent regulator RVX: the lowest individual
performance numbers PI were 81% (RQX) vs. 91% (RVX) .

,.rr-__ .-_~lIVXr·:!!tI~24~-=_,--___r--__,

l • ;:~J. I.

Ii " •
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I I • • •
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Figure 17: USM's Meter Error Shifts
Upstream of Non-Silent Regulator RVX

2 Note that this is a selection scheme, in which error deviation and failing time are rated as good
as equal. If one would appoint more value to the reliability of the answer or to the amount of time
it is failing, this scheme and the mean performance numbers Pi and Pm could be quite different.
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Figure 18: USM's Meter Error Shifts
Upstream of Silent Regulator RQX
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4.4 Results with USM·s Downstream of the Regulator •Figures 19 and 20 show meter error shifts for all six USM's located at the end of the test section,
as far as possible downstream of the at the upstream end mounted regulator (RVX-UP-L and
RQX-UP-L). These situations are in two ways worse than with the USM's upstream of the regu-
lator: downstream of the regulator the noise is considerably more than upstream, and the USM's
operate at a lower pressure. The performance of the USM's is in these cases clearly much less
than described above.

The figures show the 4 different meter behaviours, see 4.2:
1 USM's partially failing and, when failing, giving zero Hz output: error shifts of -50 to -100 %
2 USM's partially failing and, when failing, giving a (high) error frequency: error shifts of more

than +50% (these may also be even more than +100%)
3 USM's that continue working, but output shows more fluctuation: the variation in data points

around the x-axls is about twice as much as in figures 17 and 18.
4 USM's that "jump" between modes: mean error shift gives more variation, and may become

very high (open circles).

With the non-silent RVX regulator the individual performance number PI ranges from 34 to 87,
and mean performance number Pm is 64 with a standard deviation of 22, and with the silent
ROX regulator PI ranges from 25 to 83; Pm is 58 with a standard deviation of 24.
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Figure 19: USM's Meter Error Shifts
Downstream of Non-Silent Regulator RVX
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Figure 20: USM's Meter Error Shifts
Downstream of Silent Regulator RQX

When the USM's are located near the middle of the test section, which is closer to the regulator,
more meters stop functioning, or are functioning less. Mean performance numbers Pm in these
cases are: 53 with the non-silent RVX regulator and 49 with the silent regulator.

Before drawing conclusions, one should bear in mind the following:
• The situations tested here will always differ from field situations. and not only by the type and

size of the regulator. For example the pipe work near the regulator (bends, valves, reducers
etc.) has great influence on the noise that is measured in a certain position, due to reflection
and/or absorption of noise. The pressure and flow control in the test installation (see 2.1) may
influence the measured noise too. This work bears no illusion of being complete, but is more
intended to make a step forward towards understanding USM's in noisy conditions.

• Immunity from noise is a subject for new developments for many meter manufacturers. In the
past years, a great deal of work has been spent on this. Although this target has not been
attained yet, many improvements have already been made.

• All experiments were performed with Single path meters. For observing meter behaviour in
noisy conditions only this is sufficient. However, for example when meter failure is not
complete, the performance of a multi-path USM may be better than described in this paper.

5 DISCUSSION
•

•
10



11

• There is no "best meter". All meter characteristics, such as performance in pulsating flow,
response times, maximum flows, error handling, and not to forget immunity from noise are a
result of the specific combination of mechanical construction, path dimensions, techniques of
sending and detecting of signals, signal analysis, filtering, etc. Many of these characteristics
may also be influenced by a number of user-set parameters. For example: during the experi-
ments, one meter kept on operating in almost all test conditions, albeit at the expense of
large output variations; another meter was clearly indicating when it was failing, but if it was
operating the output was highly reliable (no Significant error shift nor variations). This makes
it difficult to compare USM's, and select a "best one". A user should identify his specific
conditions and needs, and select a meter accordingly.

6 CONCLUSIONS

•

• In-duct sound measurements near a Mokveld regulator were performed in which a "non-
silent" RVX and a "silent" RQX internal cage were used. The regulator with RQX cage
produces indeed considerable less audible noise outside the pipe, but more ultrasonic noise
inside the pipe than with the RVX cage.

• The measured mean sound pressures of the noise fit logarithmically with the product of flow
rate through and pressure difference across the regulator.

• Downstream of the regulator more noise was measured than upstream, and also relatively
more low frequency noise.

• With distance the noise decays exponentially, and this decay is stronger for higher frequen-
cies. The exponent C is larger upstream than downstream, which is a result of the frequency
distribution: upstream relatively more higher frequency noise was registered.

• USM's may behave differently when subjected to noise: 4 different categories of behaviour
were described. Many factors, including user-set parameters, influence the type of behaviour
a meter adopts in a given situation.

• In general, a USM functions better when it is mounted upstream from the regulator, where the
sound pressure is considerably less, and the operational pressure is higher. Furthermore
because of the frequency distribution, the noise decays a bit faster than downstream, thus
the effect of shifting the meter away from the regulator is larger.

• The mean performance of all USM's with the non-silent regulator cage RVX is better than
with the silent cage RQX.

• The worst case (USM's at close distance to RQX regulator) still resulted in a mean perfor-
mance number of 49%. The best case resulted in a mean performance number of 94%. This
indicates that it is indeed possible to measure gas flows with USM's in the vicinity of a
regulator. However, at this moment not with all meters and not under all circumstances.

• The work described in this paper is far from complete. In order to get a full picture of noise
generated by regulators, future research could perform similar experiments under different
circumstances: other pressure reducing devices, different flow and pressure regimes, varying
distances to the regulator, and studying the effect of other devices such as bends and
diffusers in the flow.

• Manufacturers of USM's have done a great deal of work on immunity from noise, and have
already reached a number of successes. Although several meters have shown very good
performances, no meter is perfect under every condition. Further development will be
necessary. From the users point of view, more co-operation between the manufacturers
could be a good idea.

•
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Tests are indicated with codes in the form RRR-FF-PP-N, or parts of these., which stands for:
RRR = RVX or RQX Regulator with standard "non-silent" cage RVX or with "silent" cage RQX
FF = 9, 15, 24 or 36 Test pressure of 9, 15, 24 or 36 bar(a), and variable flow rate
FF = LO or HI Flow rate is LOw or High, 6800 or 17000 m3/h (s), pressure variable
PP = UP or ON Regulator at UPstream or DowNstream end of the test section
N = M, L USM's spool piece at Medium or Long distance from regulator
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NOTATION

Pressure difference across regulator
Meter Error (Qmeter- Qrererence)/Qreference* 100 %
Mean Meter Error in baseline calibration at the same pressure
Mean Sound Pressure
Performance number for individual USM, based on all test conditions
Mean performance number for all USM's, based on all test conditions
UltraSonic (gas flow) Meter
Flow rate
Valve position in percentage of maximum (=open)
Distance to regulator
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• APPENDIX A

Table A 1: Indication of local gas velocities in rnIs at USM's for each flow rate
as a function of pressure at USM's.

USM's USM's USM's USM's
donwstream of upstream of upstream of upstream of

regulator regulator regulator regulator

Flow rate 9 bar(a) 15 bar(a) 24 bar(a) 26 bar(a)

in m3/h(s)
27000 32 19 12 8

22000 26 15 10 6

17000 20 12 7 5

12000 14 8 5 3

6800 8 5 3 2

1700 2 1 1 1

•

•
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In addition to the excitation,
reception and signal
processing elements of
Figure 1, there are variations
in the way that the
transducers can be
configured. These
configurations (single path,
multiple paths, crossed paths,
bounced paths etc.) are at
least apparent, if somewhat
confusing at times. Although
the transducer configuration
constrains the information
available to the data
processing stage it does not
dictate how the data is
processed.

• 16th NORTH SEA FLOW MEASUREMENT WORKSHOP 1998

ULTRASONIC METERING OF LIQUID HYDROCARBON FLOWS

Gregor J Brown, National Engineering Laboratory. UK

1 INTRODUCTION

Use of transit time ultrasonic meters for high accuracy demand applications in the North Sea
is on the increase. This is obviously due to the economic and operational benefits related to
the technology. It is however a relatively complex technology area and one in which there is
great scope for variation in meter design and manufacturing quality. This paper is intended to
promote discussion of the developments required to enable successful deployment of
ultrasonic meters for liquid metering duties.

Meter selection would appear to be a good place to start discussion but it is not a trivial
matter. As anyone who has looked through the manufacturers product literature knows, there
is no such thing as a standard ultrasonic meter. Variations that influence performance and
behaviour can exist in all the elements that make up the flowmeter as illustrated schematically
in Figure 1. The function and behaviour of each of these elements is by no means
transparent.

Selection of an appropriate meter requires that all the important requirements and
considerations for a given application are identified. These can then be ranked in order of
significance and a score given for each selection option in turn. For this approach to be
successful, detailed information is required. Such information can generally be classified as
one of three types.

Each of these types of information has its uses and limitations. On balance at present it would
appear that independent data is particularly scarce.

2 METER SELECTION

•
FIGURE 1

A schematic diagram of a transit time ultrasonic flowmeter system

System control

• Vendor information
• User experience
• Independent information

•
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Testing of specific designs and models, manufacturing quality control and factory calibration
are factors which determine the potential performance of individual units that are delivered to
the end user.

Type testing should be undertaken for all new designs and any Significant alterations to
components or systems. Both a representative sample and range of units should be tested
over the full range of acceptable operating conditions. Extrapolation of test results to other
configurations or application conditions must have a sound basis to be acceptable.

In turn this can influence meter behaviour. If, for example, variations in the radiation pattern
are apparent. the effective path of the ultrasound through the fluid could be affected. It is
likely that transducer characterisation will be an integral part of production and quality control
for high accuracy meters.

Calibration is normally undertaken in the factory prior to delivery. 'Dry calibration' involves
measurement of the meter body and path geometry in order to determine a theoretical
calibration factor. The dry calibration process may also involve determination of offsets in
transit time measurements by filling the meter body with static fluid (usually of known acoustic
properties.

'Wet calibration' involves a comparison with results from a test rig in the factory or an
independent laboratory. Normally the results are then used to adjust the factor determined by
dry calibration. Wet calibration is preferable until improvements in the accuracy of dry
calibration can be achieved and confidence in the approach can be established. The
uncertainty and traceability of measurements made in a calibration facility are of utmost
importance if the results are to be used in computation of the volume passed through the
meter.

In the case of clamp-on meters, the results of wet calibration are only truly applicable if the
transducers and pipe are treated as a complete assembly and installed as such. Even when
the pipe in the field is the same as that used in the calibration facility, removal and
replacement of the transducers will contribute to the uncertainty of measurement once the
meter is installed.

3 PRODUCTION CONTROL

FIGURE 2
The directional response (in dB) of an ultrasonic transducer

4 CALIBRATION

Page 2 of 7

•
Manufacturing quality control is
important in order that the
performance of units sold
conforms to the results of type
testing. An area of quality
control that is critical is
transducer manufacture, from
production of the piezoelectric
element to final assembly.
Variability in characteristics of
assembled transducers is well
known (if not yet fully
understood) and can affect the
ultrasonic waveform and the
radiation pattern Significantly.

•
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• FIGURE 3
Recalibration of a clamp-on meter following This is illustrated in Figure

removal and replacement of transducers 3 which shows the results
10.0 of laboratory calibration of

~: L-S752/51
a clamp-on meter on 6-

a.o inch carbon steel pipe.
~

....... 6752/4

6.0
Between the initial

: calibration (shown by the-
F······························ ..·····

::. 4.0 dotted line) and the repeat.. calibration (shown by the
~ 2.0 solid line) the transducersw

0.0
and mounting fixtures

.~/! were removed from the
·2.0 pipe and replaced. Figure

: 4 shows the residual
·4.0 with respect to a

0.0 1.0 20 3.0 4.0 50
errors
second order polynomial

Va loclty (m/s) curve fit to the initial
calibration points above 1

FIGURE 4
m/s.e A plot showing residual errors with

respect to the baseline calibration For high accuracy demand
applications calibration

1.4 conditions should match•
1.2 • application conditions as

I • • closely as possible. In
1.0 • • S- t::. • terms of flow conditions
0.8

~
this is normally taken to

0.6 mean that either velocity.. ~. 6752/5 (ref. 675214~I
iO 04 or Reynolds number= 0675214 (ref. 675214)
:E 0 should be matched. In.. 0.2., s 0 cases (e.g. lowa:: (I some

0.0 0 w g0 velocity and low Reynolds0
·0.2 number) it may be

0
·0.4 necessary to match both,

0.0 1.0 20 30 40 50 as either may have a
Va loeity (mls) significant influence on

performance.

Wet calibration of large meters can present a problem when attempting to match both
Reynolds number and velocity ranges as few facilities have high capacity, the ability to vary
viscosity, and an accurate and traceable reference. In this situation it may be that use of a
water calibration facility is an option, in which case it is more appropriate to match the velocity
range. Dry calibration may also be an option as relative uncertainty in dimensional
measurement is reduced. In ether case the applicability of the approach should be
demonstrated by experimental results which demonstrate the accuracy of the alternative
calibration procedure in practice under similar conditions.

5 INSTALLATION

Installation requirements will vary from meter to meter and with application conditions and
performance requirements. In this discussion the term 'installation effect' is taken to mean the
error in reading due to the presence of transverse velocity components (cross-flow and swirl)
and distortions of the axial velocity profile. In general, the greater the number of paths, the
less sensitive to the meter will be to velocity distribution. However, this being said, it is
important to realise that the arrangement of the paths and the scheme employed to combine
the measurements is generally more important than the number of paths employed .

•



In the short-term experimental testing is the preferred method of determining installation
effects on ultrasonic flowmeters. However, with further development it is likely that
computational fluid dynamics will provide a useful means of assessing potential installation
effects.

Once a meter has been selected, properly calibrated and installed, some means of verifying
that the meter continues to operate properly is required. Ultrasonic meters have an advantage
here in that being non-intrusive and having no moving parts they are not so susceptible to
wear and tear as turbine meters for example. It could be presumed that if you install one of
these meters and continue to get a credible output then there is nothing more that need be

FIGURE 5
An illustration of the relationship between

velocity distribution and transducer configuration
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To illustrate the importance of path
configuration. consider two different
flowmeter configurations applied to
the same flow which has an
axisymmetric velocity distribution. In
configuration B all paths exhibit
symmetry with rotation about the axis
and therefore all measure the same
value of velocity. Configuration B has
paths on two chords with respect to
the symmetry of the profile and
therefore provides additional
information that can be utilised in
estimating the mean velocity.

•

Quantification of installation effects is
a difficult area to address properly
due to the wide variation in
configurations and orientations.
Sweeping statements on the subject
should not be accepted as credible.
For example, it has been suggested
that ultrasonic meters are insensitive
to small steps in bore upstream and
downstream. This may be the case
for configurations which are
inherently less sensitive to variations
in velocity profile (such as
configuration A) but is almost
certainly untrue for the likes of
configuration B as the meter would
have no ability to sense an
axisymmteric distortion of the flow.

[nstallation effects are also likely to
vary with meter size. As meter size
increases, the disturbing effects of
the transducer recesses and effects
due to the finite size of the
transducers will reduce. This does
not necessarily mean that larger
meters will perform better, these
effects may increase or decrease the
magnitude of an installation effect,
depending on the pipework and
transducer configuration.



What an ultrasonic meter
can not do at present is
monitor the condition of the
meter body and adjoining
pipework. If degradation is
serious enough, it may be
possible to detect a change
via velocity profile by
analysis of relative
velocities in multipath
meters. It is also likely that
deposits on transducers can
be detected. However, it is
less likely that a thin deposit
on the interior of the meter
body could be detected.

done. Unfortunately in real world things can go wrong with the meter and process conditions
can change.

Generally ultrasonic meters have self-checking and fault diagnosis capabilities within
electronics modules and processors. In more sophisticated models the capability extends to
signal analysis in the transit time electronics and analysis of data time series. This can be
very useful in indicating a problem due to, for example, entrained gas attenuating the
ultrasonic signals.

There are some fairly common approaches to measurement and reporting of signal
parameters. For example, most modern meters will report the automatic gain control (AGC)
level being used to amplify the input to reception electronics. What is lacking however, is
adequate description of how these parameters are used to actuate fault conditions. More
important than this even, is the lack of information or data that demonstrates a correlation
between the measured parameters and meter performance.

Some parameters measured in a given meter, such as the computed velocity of sound (VOS),
obviously have no direct relationship with performance. This being said velocity of sound is
used to determine changes in the fluid and can be cross-checked with VOS determined from
external information. Others, such as a measure of signal-to-noise ratio, may have a more
direct relationship to performance. This is demonstrated by the results of a series of oillgas
tests on a clamp-on meter installed on 4-inch pipework. As shown in Table 1, for all flowrates
greater than lOlls repeatability is seriously degraded when the meters signal strength
parameter falls below 5 % at conditions of increased gas volume fraction (%).

Changes to the internal bore are of great importance as any reduction in cross section will
produce an equivalent error in volumetric f1owrate. It would appear then, that until more
progress is made it will be necessary to perform routine checks, either by inspection or by
periodic calibration. Alternatively, appropriate material selection or regular cleaning may
minimise the potential problem.

Failure of components or systems can occur for a variety of reasons. For example, it could be
that a transducer cable is inadvertently damaged during work on an adjacent item of
equipment or that an electronic component on a board fails. In any case, reasonable
allowance for these sort of 'random' failures should be made within any metering system.
With respect to ultrasonic meters, where multiple transducers and modular designs are
common, it is possible to incorporate redundancy into a single meter design. Where in-built
redundancy involves a change to the system function (e.g. computing flowrate based on a
three-path rather than a four-path scheme) the effect of the (potential) failure on performance
should be properly evaluated.

TABLE 1
Minimum observed signal strength at each flow condition

Nominal GVF Signal Repeatability
flowrate strength (%) (%)

10 lis 2.5% 100 5.12
7.5% 100 8.91
22.5% 4.8 8.15

30 lis 0.75% 80 3.53
1.5 % 26 3.51
4% 3.4 22.19

50 lis 0.35% 17 2.02
0.7% 6 5.46
1.5 % 1.9 101.14

70 lIs 0.4% 15 4.46
0.8 % 1 23.26

7 REDUNDANCY AND FAILURE

•
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Some modes of failure (such as 'fatal' signal attenuation due to entrained gas) may render the
meter inoperable in the short-term but permit unassisted recovery after the event. This type of
failure may be inconsequential if it is of relatively short duration or may have significant
consequences. If the later is the case, it may be that an alternative technology is required to
guarantee continuous measurement.

These results indicate that electronics can be exchanged without significantly affecting
calibration. However, it should be noted that both sets of electronics were supplied at the
same time by the manufacturers. As such it is advised that spare electronics be obtained at
the time of purchase, otherwise good practice would dictated that the meters be recalibrated.

8 MAINTENANCE, REPAIR AND UPGRADE

FIGURE 6
Recalibration of an ultrasonic meter

following exchange of the electronics
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FIGURE 8
A plot showing residual errors with
respect to the baseline calibration
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•
As mentioned earlier, in an
ideal world the ultrasonic
meter should not require
user intervention once
properly installed and set-
up. However, it may be
necessary in the long run to
perform some maintenance
or repairs, or it may be
beneficial to upgrade
hardware or software. In
any case caution should be
exercised to ensure that
calibration is not
compromised. •

5.0 Recent tests at NEL have
shown the exchange of the
electronics to have minimal
effect on the calibration of a
selection of 6-inch
ultrasonic meters. One
such result is shown in
Figures 6 and 7. Figure 6
shows the baseline
calibration as a dotted line
and the calibration following
the exchange as a solid
line. Figure 7 shows the
residual errors with respect
to a second order
polynomial curve fit to the
initial calibration paints
above 1 m/s. Following the
exchange of the electronics,
the residual errors are less
than ± 0.2 % and have a
mean value of -0.072 %.

5.0
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9 CONCLUSIONS
Ultrasonic meters based on the transit time principle can appear to be both deceptively simple
and confusingly complex. For example, the theory of operation presented in most technical
papers makes little reference to assumptions that have been made. At the same time, a
higher degree of 'intelligence' than is generally feasible is often implied (especially with
respect to signal detection and sensitivity to velocity distribution). At present the only rigorous
way to determine the validity of manufacturers claims is by undertaking experimental
evaluation. This will normally necessitate laboratory tests as performance evaluation in the
field tends to be limited in terms of the range of conditions that can be obtained and the
availability of an accurate and traceable reference. As such field trials very often do little more
than demonstrate the reproducibility and reliability of a device rather than producing data to
allow quantification of uncertainty in measurement.

In order to employ the technology more effectively and with greater confidence, operators will
require a detailed knowledge of ultrasonic meter performance in relation to high accuracy
demand applications. To meet this need NEL are initiating a Joint Industry Project (JIP) The
Evaluation of Ultrasonic Meters for Oil Flow Duties. The mainstay of the JIP will be laboratory
evaluation of the most commercially advanced devices across a range of flow conditions. For
example, temperature, viscosity and two-phase flow effects will be determined. It is envisaged
that this project will focus development in the technology area and lead to the development of
testing and certification guidelines for custody transfer and fiscal applications.
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Focus Discussion Group - Flow Measurement Uncertainty

Overview

• Background

• Explanation

• Example

• Applications
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FocusDiscussion Group - Flow Measurement Uncertainty

Background
• Wide use for risk analysis in business and industry

• First used in 1908 to confirm Student t-distribution

• First applied on the "Manhattan Project"

• Only method to solve some classes of problem

• Use limited by need for fast computers

eWidely used in business and on large projects for risk assessment and
decision making

eFirst practical application in 1908 by William Sealy Gosset (Student) in
the discovery of the correlation coefficient and later the same year to
confirm his Student t-distribution findings

eFirst real application stems from development of the atomic bomb
"Manhattan Project" during the second world war

eUntii recently the need for fast computers has prevented wider
application in areas such as uncertainty assessment

e
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• ...and "standard deviation" based on

the measurement uncertainty at a

950/0 confidence level l.e, 2 std. dev•

Focus Discussion Group - Flow Measurement Uncertainty

Explanation 1 Input Sensors

• Simulate measurement sensors
••• ..., .pi_ .- -.

• Inputs may have any distribution

• Typically a "normal" distribution ...

• ...with a "mean"

•
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Explanation 2 Model

• Simulated input sensor values are applied to a
mathematical model of the measurement system

x = a + b2

• Repeated until sufficient trials representing
most combinations of sensor values
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Focus Discussion Group - Flow Measurement Uncertainty

Explanation 3 System Output
UNIFORM

+ b2x=a
bf

I... lam DI_ •• .m

Measurement System Output Uncertainty is found from
the "mean" and "standard deviation" of the distribution X

l.e, Uncertainty at 950/0 confidence level = 2 std. dey.
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Example Analytical Uncertainty
Stream 1

Gas orifice plate flow
meter

Q1= 10mmscfd

El =1 0/0

Stream 2

Gas orifice plate flow
meter

Q2= 10mmscfd

E2=1%

Total Gas

QT= Q1+Q2=20mmscfd



.... QTMCS= 19.999682mmscfd

ETMCS=0.70753%

Focus Discussion Group - Flow Measurement Uncertainty

Example Monte Carlo Uncertainty

Q1MCS=9.999770mmscfd

E1MCS=1.00171% ' ..... 1..........
._-_a..t

-",-p.,

11I- .... Ttt1i611- "..........
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Q2MCS=9.999913mmscfd
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Applications
• Verification of analytical methods

• Large number of inputs or outputs

• Complex calculations and Non-linear relationships

• Large measurement uncertainty i.e. MPM

• Dependant inputs

• Unconventional input or output distributions
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16TH NORTH SEA FLOW MEASUREMENT WORKSHOP 1998

DESIGN PHILOSOPHY AND EXPERIENCE WITH QUALITY CONTROL
SYSTEMS FOR FISCAL METERING STATIONS

Trond Folkestad, Norsk Hydro ASA

1 INTRODUCTION
The long-term aim of Norsk Hydro is to be able to purchase a self contained fiscal metering
station, with a fully automated quality control system requiring a minimum of manual preventive
maintenance, supervision and routines to operate reliably over long periods of time.

Norsk Hydro has for a number of years worked on improving the design of quality control
systems for Fiscal Metering Stations both on existing and new oil installations in the North Sea.

This paper gives a review of the design philosophy and experience with Quality Control Systems
for Fiscal Metering Stations, operated by Norsk Hydro. This paper will cover both a manual
system for use on existing oil installations, and a fully automated system for new oil installations.

This paper also introduces a new design philosophy for a self-contained Fiscal Metering System
not requiring external computer facilities and dedicated interface designs to be operable and
maintainable.

The implementation of some of these concepts in the revised NORSOK standards for Fiscal
Metering will also be covered.

The paper will conclude with recommendations for implementation of quality control systems for
Fiscal Metering Stations.

2 BACKGROUND
Why do we need a better quality control system?

The author started working for Norsk Hydro in December 1992. During 1993 - 94 the following
problem areas I challenges were identified within Norsk Hydro:
• Written operations and maintenance procedures were incomplete and difficult to follow.
• Preventive maintenance work descriptions were incomplete or lacking.
• Mix of experienced I inexperienced maintenance technicians on new and old installations.
• Each shift performed preventive maintenance differently on the same equipment, on all

installations.
• A wide span of opinions and misconceptions on how to operate and maintain a fiscal

metering station on all levels in the operational organisation.
• A very high percentage of measurement errors were due to preventive maintenance, see

Table 1.
• Reduction in manning on installations with respect to operation and maintenance of fiscal

metering stations. Multi disciplinary functions in stead of dedicated personnel.
• Constant manning onshore but an increase in number of installations over the next few

years.

Table 1 - Cause of measurement errors in fiscal metering stations from September 1993 -
September 1995.

Number of Errors due to Errors due to
measurement equipment failure preventive Average duration of

Platform errors maintenance measurement errors
A 40 25,00% 75,00% 39,54 days
B 19 36,84% 63,16% 79,03 days
C 33 66,67% 33,33% 28,87 days



The basic idea was to improve the quality of maintenance of fiscal metering stations by moving
the effort from periodic maintenance of all equipment, 1 month interval is the requirement from
the Norwegian Petroleum Directorate (NPD), to frequent maintenance of problem equipment
and more infrequent maintenance of good equipment. •

Quality control systems for fiscal metering stations NSFMW 1998

Based on this it was concluded that a common basis for rational operation and maintenance of
all fiscal metering stations operated by Norsk Hydro must be developed. This effort started in
May 1993.

A common set of procedures was developed by August 1993 containing templates for
cheek/calibration forms and templates for writing maintenance work descriptions. The
maintenance work descriptions have an Actions-Details Format [1] see Fig 1, so both
experienced and inexperienced technicians can use them.

Calibration check of temperature element {installation}
WORK DESCRIPTION

See check form in annex x.y
GENERAL

Calibration check of the temperature element is performed at operating temperature as a
single point check. The temperature reference must comply with the criteria for a reference
normal for temperature measurement, given in chapter Z.x.

ACTIONS DETAILS
_ [1] Connect the normal for temperature If you use a thermometer, it must

measurement. stabilize for at least 4 minutes,
after connection.

_ [2] Write into form all data for equipment. Read value from flow computer
Write down the temperatures, in °c, and and normal for temperature
calculate deviation. simultaneously.

_ [3] It deviation is greater than ± 0,20 °C, change First check for faults and try to
the temperature element and repeat the get deviation within acceptance
calibration check for the new element. limits.

_ [4] Write in "Performed calibration check for Write tag no., linel position and
temperature" in the logbook. sign.

Fig 1 Template for writing maintenance work descriptions.

The study of the cause of measurement errors had revealed that the equipment failed, was
damaged or was operated in the wrong way during preventive maintenance. Focus was put on
developing a non-intervention maintenance philosophy leaving alone fully functioning equipment.
If it works don't fix itl

The aim was to be both more effective and efficient. see Fig 2. To achieve that we had to
·completely rethink our approach on how·to do maintenance. Unfortunately the words effective
and efficient translates to the same word in Norwegian "effektiv" which despite the way it's
written normally is perceived as "being more efficient". So we do the same as always only
faster. Our conclusion is given in Fig 2. Better maintenance - less work. Turn from interval
based to condition based preventive maintenance for fiscal metering stations.

2.1 Start at Oseberg C
At the same time. in November 1993, the maintenance technicians on the Oseberg C platform
had started an improvement program. They were looking at test methods and procedures to
increase I maintain the quality and at the same time reduce the use of resources on maintaining
the fiscal measurement equipment (do the same as always only faster).

Norsk Hydro ASA 2
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Norwegian
translation

= Effektiv (Useful)

= Effektiv (Skill level)

EFFECTIVE
and

EFFICIENT
.tJ,

Do the right thing in a better and more
'rational way,

and not

Do the same as always only faster
.tJ,

For fiscal metering stations this imply:

From
Interval based preventive maintenance

.tJ,
To

Quality control using
CONDITION BASED

PREVENTIVE
MAINTENANCE

Fig 2 Quality control through condition based preventive maintenance.

Why not adopt the new ideas on this platform?

The Oseberg C platform agreed that they should serve as a pitot installation for developing the
idea of quality control through condition based preventive maintenance. During the spring of
1994 we together defined the basis for a manual quality control system, improved the content of
the preventive maintenance work descriptions and improved test methods.

In the summer of 1994 our EDP department started developing a database application tor use in
condition based preventive maintenance. This application enables the maintenance technician
to verify the condition of the measurement equipment over time and to determine its condition
against predefined quality criteria using long-term trend curves, see Fig 3.

Norsk Hydro's plan for implementation of an improved quality control system through condition
based preventive maintenance was presented to NPD in a meeting 19.08.1994. Based on
feedback from NPD the implementation on the Oseberg C platform started in September 1994.

Norsk Hydro ASA 3
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• An application for approval was sent to NPD 22.12.1995 and approval was given 30.01.1996.
As the first oil company in the Norwegian sector of the North Sea, Norsk Hydro had gained
approval from the NPD for use of a quality control system through condition based preventive
maintenance on fiscal metering stations. see Fig 4.

3 QUALITY CONTROLSYSTEM
The instrumentation in a fiscal metering station consists of a number of different types of
sensors including flow sensors that transmit measured values to a flow computer via instrument
loops. All these elements of the metering station must be calibrated and checked in a
systematic way to ensure that given quality criteria / uncertainty limits are met.

Maintaining quality through condition based preventive maintenance and not using fixed intervals
(1-month interval is the requirement from NPD). requires the identification of suitable conditions
to verify and the definition of quality criteria for these conditions. Ideally if a condition always
remains within acceptable quality limits, no maintenance is ever required for that equipment.

Condition monitoring can be divided into 3 practices:

• 1 Automatic monitoring. Fiscal metering stations with a minimum of 2 parallel meter runs in
operation can be automatically monitored by comparing the same measured values on all
meter runs in operation. The quality of this check is limited by the similarity in operating
conditions that exists between meter runs in operation. Double instrumentation for the same
measured value can be automatically compared and will give high quality condition
monitoring.

2 Daily quality check. Manual check to compare across parallel meter runs and from day to
day using trend curves. Gives lower quality condition monitoring.

3 Single point check at operating conditions. The operating conditions on our platforms are
very stable and the operating range very small, for most measured values. A single point
check at operating conditions is therefor a very god indication of the overall condition of the
measurement sensor and will give a very high quality condition monitoring. This is the
recommended practice and can be combined with practice no. 1 to give a fully automated
quality control system.

Since the operating range is very small, for most measured values, sensors can be calibrated
within a range just encompassing the operating range, giving increased measurement accuracy.

• Single point check at operating conditions can be performed using several methods depending
on the type of sensor and accessibility. Common to all these methods is the use of a
measurement reference connected in parallel to the measurement sensor. The difference
between the two single point measurements reveals the condition of the sensor. Slowly
emerging errors can be detected as well using long-term trend curves.

Several methods for single point check at operating conditions, were evaluated for the Oseberg
C platform:

a) Temperature measurement - 3possible methods:
i) Reference temperature instrument in separate thermowell in close proximity to the

temperature sensor to be checked. This will give a check of the temperature sensor as
well as the instrument loop. This is a very accurate method.

ii) Double instrumentation using a double Pt-100 element mounted in the same thermowell
as the temperature sensor to be checked. This will give a check of the temperature
sensor as well as the instrument loop. This is the most accurate method because exactly
the same operating condition applies to both measurements, and it can be automated by
using a temperature transmitter for both elements.

• iii) Comparison across 2 parallel meter runs in operation. This is the least accurate method
because of the uncertainty in similarity in operating conditions for both measurements

Norsk Hydro ASA 5
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d) Differential pressure measurement:
i) No acceptable manual method was found so dp-transmitters must be calibrated

periodically in a calibration laboratory. •

b) Pressure measurement - 2 possible methods:
i) Reference pressure instrument temporarily connected to the same pressure tapping point

as pressure sensor to be checked. This will give a check of the pressure sensor as well
as the instrument loop.

•
ii) Double instrumentation using a permanently mounted extra pressure sensor connected to

the same pressure tapping point. This will give a check of the pressure sensor as well as
the instrument loop. This can be automated.

c) Density measurement - 2 possible methods:
i) Manual spot sampling and simultaneous reading of measured value from density sensor.

This can be a fairly accurate method for stabilised crude oil but difficult to use for gas and
unstabilised crude oil. Not a very accurate method.

ii) Double instrumentation using two density sensors mounted in parallel or series. This is
the most accurate method because almost exactly the same operating condition applies
to both measurements, and it can be automated.

ii) Double instrumentation using two dp-transmitters mounted in parallel. This is the most
accurate method because almost exactly the same operating condition applies to both
measurements, and it can be automated. This method requires averaging.

4 MANUAL QUALITY CONTROL THROUGH CONDITIONBASEDMAINTENANCE
A manual Quality Control System for Fiscal Metering Stations on existing installations in the
North Sea operated by Norsk Hydro, was first developed at the Oseberg C platform. The design
utilises manual Condition Based Maintenance to ensure the quality of measured fiscal quantities.

A comprehensive database application was developed along with detailed procedures to
accomplish a high quality control system for Fiscal Metering Stations. The reduction in man-
hours spent on preventive maintenance has been significant, at least 25%. Also a significant
reduction has been achieved in measurement errors introduced during preventive maintenance
along with the reduction in the work involved in correcting these errors. The overall result is a
more reliable metering station. •
Seldom

Step 2

Calibration check
(Single point check at operating conditions)

Daily quality control
Often .L.._.;...<D_a..;ily;,...r_o_un_d_W1_·_th_q;,..U_al_ity:.....-Ch_8C_k_an_d_v_e_rifi_c_at_io_n_a_cro_ss..;p_a_ra_lI_el_m_e_te_r_ru_n....;s) ~

Fig 5 Quality control using manual condition based preventive maintenance. A two-step
process.

•
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• Manual Condition Based Maintenance is a two-step process consisting of preventive and
corrective maintenance see Fig 5 and 6.

Step 1, preventive maintenance. consists of daily quality control and calibration check.
Step 2, corrective maintenance, consists of check of the instrument loops and calibration of
sensors.

Step 1 is performed regularly. Only on indication of error will step 2 be performed. NPD
requires still that step 2 shall be performed at fixed intervals, but now with much longer intervals
(at least 1 year).

• lCaiibration check ~----.

.~~ T 1m:Jr1Ih

Often i'=fDaiIY qualitycontrol ....

Simpletaskflow cost

..palibration of sensors I
01 error "..'..

Seldom

~
LaOOurintensivetask I highcost

Fig 6 Quality control using manual condition based preventive maintenance. Part of preventive
maintenance redefined as corrective maintenance.

All activities relating to condition based preventive maintenance, are registered in the database
application, see Fig 3. This database application calculates deviations and enables the
maintenance technician to graphically trend the condition of the measurement sensor. This is
important in order to follow the development in condition over time and to be able to reveal
tendencies of drift or failure in the sensors, as early as possible.

•
5 AUTOMATEDQUALITY CONTROLTHROUGH CONDITION BASEDMAINTENANCE
A fully automated Quality Control System for Fiscal Metering Stations on new installations in the
North Sea operated by Norsk Hydro, was first developed for the Visund platform, to be put in
operation in the autumn 1998. The design utilises fully automated Condition Based
Maintenance to ensure the quality of measured fiscal quantities.

A comprehensive functional design specification for design of both novel and conventional
metering stations has been developed since 1996 to accomplish a high performance fully
automated quality control system for Fiscal Metering Stations. The functional design
specification has been developed in co-operation with Kongsberg Offshore (KOS) the frame
agreement supplier of fiscal metering stations forNorsk Hydro. The key design features are to
use double instrumentation in each measurement point wherever applicable as well as utilising
the computer resources to perform automatic monitoring of critical functions and automatic
verification and calibration of flow elements. The man-hours spent on operation and preventive
maintenance will be reduced by at least 80% and the measurement errors introduced during
preventive maintenance will be almost eliminated. A significant reduction in Life-cycle-cost for a
metering station will be achieved. The overall result will be a considerably more reliable
metering station.

The payback period will be less than 1 year after start of operation, for the investment in a fully
automated quality Control System for the Fiscal Metering Stations on the Visund platform.•
Norsk Hydro ASA 7
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Fully automated Condition Based Maintenance is like the manual version also a two-step
process consisting of preventive and corrective maintenance.

Step 1, preventive maintenance, consists of quality control and calibration check and is
performed automatically by the Metering station database computer.
Step 2, corrective maintenance, consists of check of the instrument loops and calibration of
sensors.

Step 1 is performed automatically. Only on indication of error will step 2 be performed. NPD
requires (letter to all operators dated 18.11.1997) that step 2 shall be performed at fixed
intervals, but now with much longer intervals (tentatively set to 3 years). Since all instrument
loops are digital communication (HART) loops, loop checks are performed only on indication of
error.

The fiscal metering stations are prepared through design for fully automated condition based
maintenance. This includes the possibility to automatically verify the condition of every
measured parameter in the metering station, like pressure, temperature, density, flow values
(flow rate, K-factors, "health check" in ultrasonic meters) measured level in sample container
(compared to predicted level and accumulated production in the sampling period) and so on.
Verification of current condition is done using double instrumentation and without intervention in
mounted equipment.

The Metering station database computer can store and trend any measured parameter or
condition. A quality report can be generated automatically. or on request. Each condition in the
quality report is verified against predefined quality criteria and has an alarm function. See Fig
7a-c for an example of a quality report from the KOS database computer for the oil metering
station on the Visund platform. The alarm function is active on a continuous basis. (every 10
seconds all conditions are verified) and gives an alarm to the process operator.
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There is also a function for automatic proving of turbine meters with long term statistical check
of K-factor. New K-factors will be automatically accepted after comparison with a standard K-
factor (average of earlier accepted K-factors or fixed) and predefined acceptance limits of
variation. The process operator will only be involved if the K-factor is outside the acceptance
limits.

•
The critical valves in the fiscal metering station have automatic leakage detection.

The following figure illustrates how a fiscal oil metering station can be instrumented for fully
automated quality control, see Fig 8.

OIL METERING STATION

•

Fig 8 Typical oil metering station with instrumentation for tully automated quality control. •
6 SELF CONTAINED FISCAL METERING STATION
Norsk Hydro would like to introduce a design philosophy tor a self contained fiscal metering
station not requiring external computer facilities and dedicated interface designs. Within this
concept the Metering station database computer will communicate with the overall control
system and other external computer systems via standard interfaces e.g. X-windows, see Fig 9
and 10.

A lot of effort is normally put into defining, designing and checking these various interfaces
between computers. Dedicated programs need to be written to handle the data and commands
transmitted over these interfaces as well, and identical screen pages have to be built on
separate computers displaying the data and commands. We suggest a future solution were all
these interfaces are practically obsolete, see Fig 10. where all other systems log onto the
metering station database computer as a server. DISCOS is the Distributed ~upervisory Control
and ~afety system while OPIS is the Oil Eroduction Information ~ystem in Fig 9 and 10.

In order to achieve this the Metering station database computer will need increased storage
capacity and functionality currently found in add-on programs on external computers. •

Norsk Hydro ASA 10
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Fig 10 Future situation. A self contained fiscal metering station.
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Fig 9 Current situation. A fiscal metering station dependant on external computer facilities to be
operated and maintained.
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7 NORSOK STANDARDS
Some of the concepts mentioned in this paper have been included in the revised NORSOK
standards for fiscal metering, see Fig 11. •
Quality control systems for fiscal metering stations NSFMW 1998

1-105
Rev. 2. June 1998

•

NORSOKSTANDARD

FISCAL MEASUREMENT SYSTEMS FOR
HYDROCARBON GAS

1-104
Rev. 2. June 1998

NORSOKSTANDARD

FISCAL MEASUREMENT SYSTEMS FOR
HYDROCARBON LIQUID

Fig 11 Titles of the revised Norsok standards.

The requirements for an automated quality control system are given in Chapter 4 and 5 of the
revised NORSOK standards, see Fig 12. while the detailed requirements are given in Annex A,
see Fig 13.

5.1.7 Maintenance Requirements

4 GENERAL REQUIREMENTS

4.1 General
The measurement system which fulfils the functional and technical requirements and has the lowest
life cycle cost shall be selected.

5.1.7.1 General
The field instrumentation should be chosen to ensure long maintenance and calibration intervals.

The maintenance requirements for automated condition based maintenance in Annex A shall apply. In
addition. it should be easy to retrofit the instruments and flow elements for maintenance.

Fig 12 Text sections from the revised Norsok standards requiring an automated quality control
~. •
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Fiscal measurement systems for hydrocarbon liquid 1-105
June 1998

ANNEXA REQmREMENTS FOR AUTOMATED CONDITION BASED
MAINTENANCE (NORMATIVE)

A.I General
The fiscal measurement station shall be designed for fully automated condition based maintenance.
This includes the ability to automatically verify the current condition of all measured field tags that are
of importance to the integrity of the fiscal measurement station. These field tags are typically pressure,
temperature, density, differential pressure, flow values (turbine meter k-factor, ultrasonic meter
values), level in sampling container (compared to calculated level) etc.

This verification of current condition shall preferably be carried out using calibrated reference meters.
The condition based monitoring may however also be carried out using duplicated equipment or by
any other relevant method.

Where possible comparative monitoring of parallel meter runs shall be carried out, i.e. when two or
more meter runs are operating concurrently.

A.2 Software requirements
The software shall be prepared for easy and reliable verification of the accuracy of each independent
program routine and totalization. The computer under test must measure the duration of the accuracy
tests, when the duration of the accuracy tests is influencing the estimated values.

The measured field tags and parameters indicating the condition of each field tag i.e. deviations from
reference values, shall be stored and trended graphically. Additionally, a current condition report shall
be generated at predefined times or on demand. The current condition report shall include
comparisons against predefined limits of deviation for each parameter, and a written alarm shall be
given in the report, if any limit is exceeded. Generally, a verification of current condition shall not
include any manual interference with the measurement equipment or computers. The current condition
report may be combined with the report of the daily status of the measurement system. The fiscal
measurement reports shall not be combined with the current condition report.

In a turbine meter station with prover, a function for automatic turbine meter calibration combined
with statistical evaluation of previous K-factors, shall be implemented: It shall be possible for a new
K-factor to be automatically accepted by comparison with the statistical K-factor (e.g, average of the
last 30 accepted K-factors) and predefined limits for acceptance. Manual acceptance shall be invoked
if the new K-factor exceed acceptance limits. It shall be possible to select a mode where a fixed K-
factor is used in stead of the statistical K-factor.

NORSOK Standard Page 30 of 46

Fig 13 Annex from the revised Norsok standards defining an automated quality control system.
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8 CONCLUSION
New installations must be prepared for fully automated quality control through proper design
choices. To implement this after start of operation or use a manual quality control system is not
cost effective and very time consuming. •
On existing installations a manual quality control system will often be the only option due to
limitations in installed equipment. However, it can be a good investment to upgrade to a fully
automated quality control system, but the payback period will be several years.

Norsk Hydro's current policy is that all new or modified metering stations shall be prepared for
fully automated quality control and that all existing metering stations shall be prepared tor
manual quality control through condition based preventive maintenance.

As pointed out in the introduction Norsk Hydro wishes to be able to purchase a self contained
fiscal metering station, with a fully automated quality control system requiring a minimum of
manual preventive maintenance, supervision and routines to operate reliably. You the designers
think of designing them to send into orbit if you like, but remember we don't have a NASA
budget. We need a cost effective solution utilising currently available technology to its fullest
potential.
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