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Sampling for water in oil is not an exact science. Over the last

SAMPLING AND ANALYSIS FOR THE DETERM1NA nON OF

THE WATER CONTENT OF CRUDE OIL - AN OVERVIEW

R W Dean, Chevron Petroleum (UK) Limited, Aberdeen.

Chairman of IP Panel PM8-2.

n INTRODUCTION

few years there have been some major improvements in both the
theory and practice of automatic sampling, but we still do not
know all the answers. . Any sampling operation has to be judged
on a statistical basis and eventually has to be expressed as a
percentage confidence that the result obtained is within a defined
tolerance of the truth. Since by ISO 5168 definition, error is
always unknown, it is usually best to work in terms of 'uncertainty'
although other terms are often used.

This paper is a review of recent and current attempts to reduce the

uncertainty of water-in-oil measurement. It deals with the
recently approved draft of an International Standard and describes

some practical and theoretical work that has been done or is near
to completion. All of the currently available work is being

collected together into a proposed new publication from the
Institute of Petroleum, which will be called a 'Guide to Automatic
Sampling'. Recent developments In the measurement of water

in oil are also described with a brief glance at what might happen
in the future.



the Petroleum Measurement Committee PM. During the

II) INTERNA nONAL STANDARDS - ISO 3171

HISTORY

In December, 1975 the first edition of 150 3171, an International
Standard document dealing with Automatic Pipeline Sampling, was

published by ISO in Geneva. It was known that this early edition
was not complete, and in the UK it was decided that this edition

~ould not be published by BSI as an identical, dual-numbered
British Standard. It was considered that the methods described

in it were not generally applicable to crude oil. Other countries

were also doing work to improve the performance of automatic
sampling equipment, and hence at the meeting of the ISO Technical
Committee 28 Sub-Committee 3 in Mexico City, 1979, it was

decided to set up a Working Group to prepare a new edition.
The Secretariat of the Working Group was allocated to the UK, and
was delegated via SSI to the Institute of Petroleum where most of
the detailed work was done by the Panel PM-B-2, which is part of

compilation of the new edition, major contributions were made

from the UK, USA, France and Italy. After a lot of national and
international discussion and many meetings, agreement was

reached at the ISO TC28/SC3 meeting held in Rome, November,

1985 about what should be included in the new ISO 3171 (Ref 1).

All the technical work has now been done; we now await formal

publication.

As with almost all international documents the final result was an
acceptable compromise. Not all of the contents were agreed
unanimousiy (even within the UK delegation), but the
recommendations made within the document were agreed to be the

best available at that time and were agreed to be conservative

rather than misleadingly optimistic. AU the delegations
recognised the need for early publication, even though new and

better information was still emerging. Our understanding of the

principles and practice of automatic sampling is still improving,
and yet another edition of ISO 3171 is to be expected at some time

in the future, maybe 10-12 years.
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be achieved in a good sampling system. At water

CONTENTS of ISO 3171

Some of the highlights of the new ISO 3171 are as follows:-

1) Definitions and Terminology
Some of the terms used in sampling (such as sample point,

grab, profile testing, worst case conditions) have been
defined more precisely than before and definitions of
different types of water (Ie., dissolved, suspended, free and

total) have been brought into line with other international

documents. Throughout ISO 3171, care has been taken to
make sure that it does not conflict with other Standards,
and in particular, some parts are identical to ISO 3170, a
sister document dealing with Manual Sampling, which has
recently been revised and which was also approved for

publlcatlon at the Rome meeting.

2) Location of Sample Point
Recommendations are made about where to put the sample
point. The preferred position is in the middle of a downward

flowing pipe soon after the best available mixing device.
Recognising that this ideal is not always practicable to

achieve, other possible positions for the sampling point are
discussed (Figure 1). A great deal of the Standard deals

with the problems of sampling from a horizontal line.

3) Representative Sample
The definition of representative sample is the idealised case
of the sample being identical to the pipeline average, but a
practical limit is set of +5% of reading (Ie., 1 part in 20 of
the water concentration) for the uncertainty that is likely to

concentrations below 1% this limit is replaced by a fixed
limit of .05% of water, so that impossibly fine limits are not

called for at low levels of water concentration.

4) Sampler System
The Standard does emphasise the need for flow-proportional

sampling and is also quite strongly in favour of iso-kinetic

sampling (within a factor of two up or down).

3



errors. Typical values are given.

5) Sampler Performance
ISO 3171 offers two methods by which the performance of

an automatic sampler can be assessed. The first is by
carrying out a practical test in which a known quantity of

water is injected into the pipeline at some location
upstream of the automatic sampler. Details are given of

the procedure to be followed in order to check if the
sampler 'sees' this extra water within acceptable limits of

accuracy. The second method shows how to calculate
the overall uncertainty from a knowledge of the

uncertainties of all the component parts or operations.
In practice these component uncertainties are seldom

known, but the method is useful to 'compare different
options and to identify the most likely sources of major

6) Profile Testing

Before a' sampler is installed (and afterwards if its
performance is at all suspect) it is recommended that a

profile of the water concentration across the vertical

diameter where the sampler probe is to be installed, should

be obtained by testing. The profile testing procedure

(adapted from API) is described in detail and some typical

results are shown.

7) Profile Calculation

Sometimes it is not possible to do a profile test, in which
case ISO 3171 offers a method (developed in France) by

means of Which the shape of the profile can be predicted by

calculation. This should be a major step forward in
sampling system design and was welcomed by all the

Working Group members. It was reckoned that the
method is by no means perfect, but that it does provide

some useful information and does allow valid comparisons to
be made. It is believed that the method will not predict a

better profile than that which will actually occur in
practice.

4



profile is already quite complicated. Better methods

DEFICIENCIES of 150 3171

Even when the present ISO 3171 was agreed at the meeting in
Rome, it was known that new and better information was still
being published. Automatic sampling is still a matter for

innovation and development. However, it was decided that there

was sufficient new information in the agreed document to justify
publication and to meet a recognised demand for international
standardisation. To wait for the last word on the subject would

be to wait forever.

Some ways in which ISO 3171 could be improved are as follows:

1) Oefini tions
The terminology to differentiate between the different
types of automatic sampler On-the-line, by-pass loop, cell)
is not well defined and the term 'grab sampler' could mean
different things to different people.

2) Accuracy
The "5% of actual nnncentr-atlnn" criteria is used rather

indescriminantly throughout the document and in some parts
an even poorer performance seems to be condoned. This

ought to be put on to a more rational basis.

3) Minimum Sampling Frequency
The Standard does not give any really useful advice on this

controversial matter.

4) Profile Testing
The method described for profile testing is labour intensive

and not very practicable, although it can be done. The
use of multiple continuous monitors to do this job should be

advocated more strongly.

5) Profile Calculation
The method described in the Standard for predicting the

involving more refined theory and a deeper understanding of

5



5) Cont'd
the physical principles involved are avallable. How much
of this can be put into the Standard without making it too
complicated for a design engineer to use, will be difficult to

decide. There is however, a worldwide recognition that

some improvements are needed which must be based on

practical' experience and feedback from users of these

tentative proposals.
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BP (Central Engineering Dept), who have always been

pioneers in the design and construction of· automatic

sampling equipment, set out to test and compare the

performance of some new designs of sampler. Facltltles

were set up at the BP Rotterdam refinery so that crude oil

being unloaded from tankers and also being transferred
between shore tanks could be sampled for water under
realistic, but controlled, conditions. Tests were done with
both in-the-line and cell samplers, which were checked both
against each other and by means of the water injection test
as described in ISO 3171. They also carried out profile
testing as described in the standard. Additionally the
opportunity was taken to test a new design of insertion

flowmeter and the performance of a continuous water-in-oil
monitor based on the large difference between the

dielectric constants of the two components.

IIl) CURRENT INVESTIGAnONS

Concurrent with the preparation of ISO 3171 (and in some cases
prompted by it) a number of research and development programmes
concerned with automatic sampling have been set in progress. The

results of some of these programmes are restricted by the need for
commercial confidence, but in others the need for the conclusions
to be widely understood and commonly accepted in all the oil
industry (as a basis for fair trade between two parties) has been

recognised. In most cases, all the important conclusions have been

published for general use. In all cases at least one member of
the Institute of Petroleum Panel on Automatic Sampling is aware

of the results so that conflicting recommendations ought not to

appear.

Three major programmes are worthy of note:-

1) BP at ROTTERDAM (Ref 2)

The initial results from the tests indicated that the cell
sampler in a 1" NB pumped bypass system did give good

results under almost all test conditions, but that the in-the-

7



For a number of years, NEL have organised a joint research

programme to study and improve the use of automatic
samplers in the petroleum industry. Phase 3 of this
programme which was supported by 17 different

organisations is now virtually complete. Phase 4 is about to
start.

1) Cont'd

line sampler was not so consistent and usually gave low
results. Further testing is being carried out under the
supervision of NEL.

. 2) NEL JOINT INDUSTRY PROJECT (Ref 3) "

I
A lot of the work done by NEL for the consortium has been
done on a laboratory test rig specially designed to check the
performance of samplers and sampling probes. One of
the conclusions drawn from recent work is to highlight the
need to take care to minimise the effect of the 'dead

volume' after the grab mechanism of in-the-line samplers.
The shape of the inlet orifice to sampling probes has also

been studied and the design with an internal taper is

recommended. This confirms the shape shown in ISO
3171.

Another aspect of the NEL work has been concerned with

the number of grabs required to give a representative
sample. This has been done by computer simulation, and

is described in another paper "at this NEL Metering
Workshop. (Ref 4)

An ongoing investigation by NEL on behalf of the joint

project has been made possible by the generous co-operation
of BP. The test facilities at the Rotterdam Refinery

(mentioned earlier) have been made available for
independently controlled tests, the results from which will
be of use throughout the industry. The main objective of

the current programme of tests is to find out how close to

8



sampling where it is impossible. The major source

2) Cont'd

iso-kinetic operation it is necessary to be, in order to get a
representative sample of water in crude oil. The present
recommendation within ISO 3171 for iso-kinetic sampling
(within a factor of two either up or down) is based mainly on

intuition and some qualitative test work. Better
information is needed to clarify the position and to allow

more positive guidance to be given.

3) CRANFIELD FLUID ENGINEERING RESEARCH (Ref 5)

Prompted and assisted by close collaboration with BP, the

members of the Department of Fluid Engineering and
Instrumentation at the Cranfield Institute of Technology

have studied two aspects of automatic sampling.

A) Profile Calculation
The procedure described in ISO 3171 to calculate the
water concentration profile in a horizontal pipe has
been examined in detail. The validity of the

formulae used and the basic assumptions and

simplifications made, have all been challenged.
Recently published work by Karabelas and Segev has
been compared with the ISO 'method, and a computer

programme has been developed so that all three
methods can easily be applied to a given problem.
The general conclusion is that none of the methods is
strong enough to stand on its own as the sale judge as

to whether representative sampling is or is not
possible. The methods are useful for making

comparisons and for identifying where improvements

can be made.

All the methods should be backed up by practical

tests. It has been confirmed that the ISO 3171
method is conservative and should not predict good

9



of uncertainty in all these calculations is concerned
with the water droplet size, which is difficult to
calculate and almost impossible to measure. Further
work is proceeding on this problem.

A) Cont'd

B) NumberofSamp~s
As a supplement to and in some ways as a duplication

of the work done at NEL, Cranfield have investigated
the problem of deciding what is the minimum

acceptable number of grabs required to get a

representative sample. They have investigated both
the influence of discontinuities in time (le., slugs of

water travelling down the pipe) and also

discontinuities "in space (le., large drops evenly

distributed). Broad agreement has been reached with
the NEL work about which factors are most
significant to this decision, but further reconciliation

is still required.

10
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IV) IP GUIDE TO AUTOMATIC SAMPLING

When the Institute of Petroleum Panel PM-8-2 had finished its
work in helping to draft the 150 3171 document, it considered what
else was most required. It decided to produce a new document
to be included in the IP Petroleum Measurement Manual series of
publications, but which would be more of a guide or textbook

rather than a standard. The Guide is intended to amplify and
explain the recommendations in ISO 3171 and also to give more

background information about the equipment available and the

methods to be used. It also tries to deal with some of the

problems left unsolved by ISO 3171.

Some interesting features of the Guide are as follows:-

A) Sampler Types
The Guide describes many of the different types of sampler

that are in use.
categories:-

It divides them up into three (3) main

i) In-the-line Samplers
where the grab isolation point is inside the pipeline

itself, usually on the end of a long probe.

ii) External-Loop Samplers
where the grab isolation point is outside the pipe and

is taken from a subsidiary system (often known as the

fast loop).

iii) Cell Samplers
which are a combination of the other two, so that an
in-the-line sampler in a moderately sized by-pass
loop takes samples from a manageable sub-division of

the main pipeline flow.

The Guide does not recommend anyone type above the

others.
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B) Mixing

The Guide describes some of the various mixing devices that
are available to help provide suitable conditions in a
pipeline, so that a representative sample can be obtained. It
describes the jet mixer and how it can conveniently be

. combined with a cell sampler to form an integrated system.

However for design details of all such systems, it is
necessary to refer to the manufacturers. In the future, it

is expected that there will be a growing emphasis on the
need for more deliberate mixing prior to sampling. The

need for mixing after sampling (ie., homogenisation before
analysis) continues to be emphasised.

C) Sampler Location

The recommendations in ISO 3171 about sampler location
have been expanded "and explained in more detail in the
Guide. A vertical section of pipe with downward flow is
still the ideal location, but other locations can still produce
acceptable results. The ISO method of calculating the

concentration profile in a horizontal pipe is explained in

detail and the other methods are introduced with

references. It is hoped that some clear-cut advice about
iso-kinetic sampling will be available in time for

publication.

D) Minimum Acceptable Number of Grabs

The Guide attempts to bring together all the
recommendations currently available to give advice on the

number of grabs that need to be taken to ensure that the
total sample is representative of the whole. By combining
a basic theoretical approach to the problem with the

statistical and computer modelling work done by Exxon,

NEL and CIT a simple formula has been proposed by means
of which the minimum acceptable number of grabs can be

calculated. (Fig 2) A lot of discussion will be required
before we have a widely accepted solution to this
contentious problem.
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E) Practical Testing
Based on practical experience in using the two test

procedures described in ISO 3171 (le., profile testing and
water injection testing), the Guide gives more detailed
advice about the difficulties to be overcome. It also
gives more information about how to interpret the results
once they have been obtained. It emphasises that an overall
accuracy of one part in twenty is not really very good and

that we ought to be able to do better.



'North Sea' and implied a much wider field of use. However, the

V) AUTOMATIC KARL F1SCHER ANAL YSIS

HISTORY
For many years the only recognised method for measuring water in

crude oil was by means of centrifuge tests. The terminology
ISS + WI, which is still very widely used, implies that the result is

obtained 'by centrifuging. It takes the oil industry a very long
time to change its terminology and to accept logical precision in

its use of words, but it has not taken very long for the centrifuge
to fall out of favour and to be replaced by an analytical procedure

based on the Karl Fischer reaction.

The first method to, be approved by the Institute of Petroleum IP
356/82 was designated for use with North Sea Crude Oil. The

revision in 1984 (Ip 356/84) removed the specific reference to

method described in those documents is to use a titration apparatus
with the end point determined by an electrical potential difference

method. The reagents used include pyridine which is not a very

nice chemical to deal with, and moreover the reagents are not very

stable and they need to be made up fresh and to be standardised

daily. This is not the sort of job normally given to offshore
operators more traditionally accustomed to the use of centrifuges.

COULOMETRIC ANALYSIS
A new version of the Karl Fischer method is now available that is

much easier to use. It has become so popular that it is now in
widespread use by North Sea operators, even before an official IP
method has been published. In the new method the important

reagent (iodine) that reacts with the water is produced electro-

chemically by electrolysis of the anode solution. Only enough

iodine is produced to react with all the water present, and by
measuring the quantity of d.c. electricity (coulombs) required to
liberate that iodine, a direct measurement of the quantity of water

present is obtained. The end-point is still detected electrically,
but in this case it is usually an a.c. potential measurement.

14



These new instruments are usually micro-processor controlled and

apart from weighing the sample and injecting it from the syringe

into the stirred measuring cell, the analysis is fully automatic. The
cell is kept in operation for 24 hours per day so that any moisture
that seeps into it is eliminated before the next set of samples are
injected. Each refill of reagents can last several days depending
on how much water is in the sample that is injected and how much
seepage of water into the cell takes place.

with made up samples. Thereafter the electrical-to-

On an offshore platform weighing the sample syringe (before and

after injection) could be a problem, but modern electronically
controlled weighing machines can average a large number of

instantaneous readings to get an accurate result even if the

platform is moving. This is often known as the 'animal weighing
program'.

OPERATION

There are a number of features of the new Karl Fischer method
that need to be watched:
1) Homogenisation

To get a water-in-oil mixture into a sufficiently finely-
divided homogeneous state so that a representative sample

can be drawn into syringe through a small bore needle
requires vigorous agitation. - The best high speed

homogenisers must be used and the mixing time required
must be determined by a rigorous series of tests.
Homogenisation for Karl Fischer needs to be much better
than for centrifuges.

2) Calibration

The calibration of an automatic coulometric Karl Fischer

method is usually checked when first installed by testing it

chemical conversion is assumed to remain constant. This

will only be true if the fundamental design is right and there
is rigid quality control of the reagents used. An IP

standard method of test is currently being prepared.

15



Care must be taken not to introduce any other interfering

agents, particularly with any solvents used for cleaning.

Acetone should not be used.

3) Salt Correction Factor (Ref 6)
The Karl Fischer method measures the mass of pure water

in a weighed sample that usually consists of salt water in
crude oil. If it is required to use the Karl Fischer analysis

result to calculate how much salt water was in the original
bulk transfer then a Salt Correction Factor must be applied.

In order to avoid the possible error of applying the SCF
twice, it is recommended that it is never applied to Karl

Fischer percentage figures, but is only used when
calculating an absolute mass of salt water.

4) Interference Reactions
Hydrogen sulphide will react with the Karl Fischer reagents

in the same way as water and will appear in the result.

This is the only interfering material that is likely to occur in

crude oil and will usually only be present in concentrations
much less than the known uncertainty of water
measurement, and hence can be ignored.

5) Sediment
The old centrifuge method included any sediment in with the

water measurement. The Karl Fischer method ignores any

sediment. If sediment is present, it can be measured by the
IP 53/70 method, but this is very much a laboratory

procedure. Samples taken specifically for water

measurement may not be truly representative of sediment "-

concentration.
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As we begin to understand the problems of automatic sampling, it
becomes more and more obvious that proper mixing is vital before
it is possible to obtain an accurate result. Emphasis will

concentrate on the theory and practice of mixing non-homogeneous
liquids in pipelines so that sampling devices can have some chance

of grabbing good samples. The cell sampler with a moderately -
large pumped by-pass flow loop may be the answer to this problem.

VI) FUTURE TRENDS

An alternative device that has been around for a long time, but

looks to be making some progress, is the dielectric constant type
water monitor. Potentially this can solve both the sampling and
the analysis problems all in one unit. It has not yet made the
same dramatic impact that the coulometric Karl Fischer method

has achieved, but it may do so one day.

The author wishes to thank Chevron Petroleum (UK) Limited and
the Institute of Petroleum for permission to present this paper, but

the opinions expressed are solely his own.
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ExA

MINIMUM ACCEPT ABLE

NUMBER OF GRABS
(MANG)

300 x P

Where P is the Peak concentration (percentage) that is expected
during the transfer. This can be obtained from experience with
similar operations and systems elsewhere.

Where A is the Average concentration (percentage) of the whole

transfer. This can be estimated in advance, but should not be
set too low without some consideration of the appropriate
associated values of E and P.

Where E is the Error limit (as a percentage of A) that is being
aimed at with 95% confidence.
be more if A is less than 1%.

E is usually 5%, but may need to

FIG 2 PROPOSED FORMULA FOR SAMPLING FREQUENCY

20
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COMPUTER SIMULATIONS TO DETERMINE THE OPTIMUM SAMPLING
FREQUENCY DURING CUSTODY TRANSFERS

N W King. B.Se •• C.Eng •• C.Phys

National Engineering Laboratory

SUMMARY
A method using computer simulations and analysis to determine the optimum
number of samples to be taken during the course of crude oil custody transfer
is described. Firstly, a computer simulation 'GRAB' was used to study the
effect the form of the water concentration transients had on sampling accuracy
and this showed there was a linear relationship between sampling accuracy and
each of transient duration, interval, peak water concentration and sampling
frequency. Secondly an analytical program 'DATACAL' and its associated data-
logging program 'DATALOG' were used ·to analyse simulated tanker discharges
based on chart recordings of actual tanker discharges. This showed that to
produce acceptable sampling uncertainties. 1000 samples per discharge were
borderline, 2000 were adequate, and 10 000 were excessive.



NOT A T ION
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Wa

Ws

x

Regression constants

Duration of water transients

Sampling measurement error = Ws - Wa

Frequency of sampling, time between samples

Hiatus or interval between water transients

Peak water concentration in a water transient

Correlation coefficient of interpolation or line fit
,

Total time of sampling period

Actual water in flow as per cent of flow

Sampled water in flow as per cent of flow

Constant defining water transient form

Note that Wa. Ws and E are all expressed as percentages
of the total mainflow, ie on a volume to volume basis.
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1 INTRODUCTION

The water content of a crude oil cargo is normally determined by analysis of
a sample collected automatically during the transfer of the cargo through a
pipeline, be it a platform export cargo or a ship-to-shore transfer. The
size of the sample taken is very small, perhaps less than a millionth of the
cargo volume, so it is important that every effort be taken to ensure that the
sample taken is truly representative of the entire cargo.

Towards this end the accuracy of the instruments and procedures used to obtain
the samples have been greatly improved in recent years by the findings of a
research project at NEL (1,2,3,4) sponsored by a consortium of the oil
companies given in Table 1. Most of the laboratory and field work devoted to
this project has studied the sampling errors resulting from physical sources,
eg concentration profiles, sampler characteristics etc. Little effort,
however, has been devoted to studying the statistical errors that occur in
taking small intermittent samples from a much larger volume flowing in a pipe-
line.

In theory we could obviate the need for intermittent sampling (assuming only
temporal water variations and·a uniform concentration profile in the pipe) by
taking a sample flow proportionally and continuously whereupon the results
should give a good statistical representation of the characteristics of the
flow at large. However, since this would involve an inordinate volume of
sample being collected or a hyperdermic sized sampling probe being used, we
have to accept that some form of intermittent sampling is necessary. If this
is so, what sampling frequency should we adopt? Too fast and we collect too
much sample incurring the errors of sub-sampling, too little and our statisti-
cal errors become too large. The question is exemplified in the current 1000
or 10 000 grab per tanker discharge debate which has focused attention on the
need to resolve the issue.

To shed some light on the subject NEL has constructed two computer simulations
of pipeline flow in which a perfect sampler could operate in a perfect pipe-
line and enable an analysis of the statistical uncertainties to be conducted
in isolation from the physical uncertainties. This paper describes the use
of the computer simulations and Bome of their results. The first simulation,
GRAB, was designed to investigate the effect that transient frequency, dur-
ation and waveform had on sampling accuracy and the second, DATACAL, linked
to a data acquisition program, DATALOG, to study actual or simulated transfers
of crude. Together the programs occupied 70 Kbytes of memory and were written
in standard Microsoft Basic. At the NEL they were run on Superbrain QD and
Epson PX-8 micro-computers both running under CP/M operating systems.

2 TRANSIENT STUDY PROGRAM

This program was designed to study the effect that transient frequency, dur-
ation and waveform had on sampling accuracy. As such it was concerned only
with individual transient types and not with an entire pipeline transfer or
tanker discharge.

The program generated water transients whose duration D, interval H, and peak
height P could be defined. A random number routine was used to vary these
variables in a psuedo-Gaussian distribution from 75 to 125 per cent of the
defined values to avoid any harmonics with the sampling frequency. A con-
stant flowrate was assumed though the simulations would be equally valid for
a varying flowrate if flow proportional sampling was used. Also homogeneously
mixed water in each transient was assumed as was the ability of the sampler to
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extract a perfectly representative sample of the flow passing during the
instant the sample was taken. The total sampling time T, the total water
content W of the flow over the sampling time and the sampling grab frequency
F, could also be defined. A choice of three transient forms could be
generated as given 1n Fig. 1, namely square, shaped and sawtooth forms defined
by the parameter 'X' together with P and H. Care should be taken not to visu-
alise these transients as physical 'waves' but as they really were, variations
in concentration of homogeneously mixed water.

The program generated successive transients and intervals and monitored the
flow second by second, accumulating the water sampled during the passage of
each transient. The program then compared the water collected by the sampler
Ws, with that actually flowing in the pipeline over the specified sampling
time Wa and evaluated the difference. The process was repeated a specified
number of times, usually 30 or more, to give an estimate of the standard devi-
ation or the scatter of the difference about its mean. It was this estimate
of the standard deviation which gave E, the 95 per cent confidence limits to
which the correct value of the water content could be quoted.

At the end of each simulation the program output:

Average sampling time T, per iteration (seconds)
Average number of grabs taken during each iteration
Average grabs/minute during each iteration
Average number of transients per iteration
Average peak height P, of the transients
Mean transient duration, D (seconds)
Sigma value of the variation of the transient duration
Mean interval duration, H (seconds)
Sigma value of the variation of the transient interval
Percentage of water in the flow, Wa
Percentage of the baseline water
Percentage of water sampled, Ws
Mean difference flowing and sampled water content
Sigma value of the mean difference
Mean percentage sampling error, E
Sigma value of the mean percentage sampling error.

The input values for D, H, P, T, Wand F, as well as the number of iterations
per simulation, the time of start and completion of the simulation were also
output so that a permanent printed copy was available.

To expedite its operation, the program had the facility to cover a range of D,
H, P, T, Wand F values in anyone run and allow the simulation to run
unattended overnight if required. This was very useful as several hours of
computer time could be required per simulation.

2.1 Application of the Computer Simulation to Sampling Frequency

The first task to which the computer program was applied was that of ascertain-
ing the relative merits of taking 10 000 as opposed to 1000 grabs per tanker
discharge. The problem was not as stmple as might be thought in that the shape
or form of the water transients was not well defined. The limited data sup-
plied by sponsor companies suggested a wide range of transient durations, peaks
and intervals were possible between different installations and even within the
same installation. Rather than predict what sampling errors could be incurred
at a particular installation therefore, it was decided to quantify the charac-
teristics of flows that would give unacceptable sampling errors.
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Wa = DP
H+D

The problem still remained, however, in the number of variables in operation,
namely transient duration, peak, form and interval, water content, sampling
period and grab frequency - seven in all. Fig. 2 illustrates just some of the
possible combinations when only three of these variables are considered. In
order to reduce the variables to manageable limits it was therefore decided
that:
a Only 1000 and 10 000 grabs per tanker discharge would be investigated.

b The sampling period would be held constant at 24 hours.

c The water content would be held constant at 1, 5, 10, 20 and 50 per cent
and would not include any background water, ie the total water content was
contained within the water transients no matter what form they took.

d The transient interval would be varied from 10 to 10 000 seconds.

e The transient peak or water content would be varied from 0-100 per cent
of full flow.
f The transient duration. would be varied from 1-1000 seconds.

g Only square waveforms would be.studied as these were expected to give
the worst case.
Effectively, therefore, there were only three variables H, P and D, and these
defined the form of each water transient. These three variables could be
plotted along three dimensions as in Figs 3 and 4 where the transient inter-
val H lies along the x-axis, the transient peak P along the y-axis, and the
transient duration D along the z-axis; each axis being logarithmic in order
to cover the wide range of values required for these variables.

Fixing the water content defined a surface in the three dimensions such that -

A uniform grid of 34 evenly spaced locations were taken across this surface and
the 95 per cent confidence limits of the sampling error E evaluated by taking
30 iterations at each location at each water content for 1000 and 10 000 grabs
per dis-charge. The exercise showed in passing that the sampling errors from
this source were entirely random and no significant systematic element could be
detected. Graphical interpolations were then performed across the grid points
to give the +0.01, 0.02, 0.05, 0.10, 0.20 and 0.50 per cent uncertainty contours
of the 95 per cent confidence limits as seen on the graphical representation for
the 1 per cent water case in Figs 3 and 4.

The data was also used to calculate by multiple linear regression using Gauss's
method with partial pivoting the relationship and the coefficients of the three
independent variables P, Hand D for both 1000 and 10 000 grabs per sampling
period. The relationship was of the form -

E = a + bP - cH + ~D
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which shows that if a given amount of water has to be transferred then to reduce
sampling erros to a minimum transients should:

i Have as long a duration as possible as E is inversely proportional to D.

ii Have as long an interval as possible as E Is linearly proportional to -H.

iii Have as small a peak as possible as E is directly proportional to P.

These three conclusions are basically stating that the water should ideally
come over as one long uniform transient. However, examination of the
coefficients of the relationships given in Table 2 give less obvious but
equally important conclusions. At first glance there seem to be no trends
between the values of the coefficients and water content, except for a steady
increase in the value of c as water content increases. The reason for the lack
of any other trend is a combination of the statistical uncertainty in the deter-
mination of the coefficients themselves in that each were derived from only
30 measurements, and also to the complex interactions between the variables.

Two distinct trends, however, become apparent when individual cases are taken
and displayed graphically as In Figs Sa, 5b and 5e. These figures take three
cases, keeping any two of the variables P, Hand D constant at a time and vary-
ing the third. Two conclusions can be drawn:

I The sampling error is usually about ten times as large when only 1000 grabs
as opposed to 10 000 grabs/discharge are taken.

II The sampling error increases only fractionally in proportion to the increase
in water content, Ie the sampling error at 20 per cent water content is far from
being 20 times the sampling error at 1 per cent water content.

It must be remembered that though the relationships between variables given above
will in general hold true, the magnitude of the errors in the field would be
expected to be much less because the computer simulation models the worst case of
a square wave transient. The next use of the program was therefore to investi-
gate the effect transient form had on the sampling accuracy_

2.2 Application of the Computer Simulation to Transient Form

On first glance an obvious refinement to a square wave transient was seen to be
the use of a sine wave. On reflection, however, it was thought doubtful that
sine wave transients would actually occur in real life - again it must be
remembered that the problem is not concerned with gravity or physical waves but
with a variation in the concentration of water suspended in a flowing crude oil.
Examination of the limited production platform and tanker discharge traces avail-
able suggested that transients usually had a steady state between their shaped
leading and trailing edges. For this reason the sine wave transients were aban-
doned in favour of the shaped and sawtooth waveforms shown 1n Fig. 1 together
with a square wave for comparison.

The simulation program was run using each of the three waveforms with again no
background water and the duration of each transient form chosen in such a way as
to give the same water concentration at each given peak value.

Tables 3 and 4 give the results of the simulations for each waveform as a func-
tion of peak height for grab rates of 1000 and 10 000 grabs/tanker discharge
respectively with a total water content of 5 per cent. P is the peak of the
transient ranging from water contents of 100 per cent maximum to 5 per cent
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minimum at which point the transients became level and continuous. H is the
interval between each transient, and X the value that defines the transient
form as given in Fig. 1. The column 'D!ff' is the average difference between
the water sampled and the actual water present as a percentage of the total
flow and column 'E' is the 95 per cent confidence limits to which anyone sam-
pling period could be quoted again as a percentage of the total flow. For
instance, the first row of Table 3 for the square waveform at 100 per cent P
measured on average 0.002 per cent above the actual 5 per cent water but any
one tanker measurement could only be quoted to +0.814 per cent.
Examination of Tables 3 and 4 produce the following conclusions:

a Maximum sampling errors are incurred with transients of square waveform,
less so with shaped waveform and least with sawtooth waveform. In the case of
the 1000 grabs/discharge simulations the relative ratios in sampling error
between the waveforms were 4:2:1 respectively.

b For the square waveform the sampling error at 10 000 grabs/discharge is
about 10 times less than the sampling error at 1000 grabs/discharge - confirming
Section 2.1 above.

c For the shaped and sawtooth waveform the sampling error is substantially
less than the square waveform sampling error at 10 000 than at 1000 grabs/
discharge and increasingly so as transient peak increases.

d At 10 000 grabs/discharge the sampling error is almost insignificant for
both shaped and sawtooth waveforms and also for the square waveform except when
the peak rises above about 30 per cent.

e At 1000 grabs/discharge the sampling error is very significant except for
shaped and sawtooth waveforms with peak values less than about 30 per cent.

It must again be emphasised that the errors given in the tables refer only to
the statistical errors of intermittent sampling, and do not include the physical
errors incurred in obtaining and analysing the samples.

The values of sampling error given in Tables 3 and 4 can be used to obtain
approximate values for errors in shaped and sawtooth waveforms for other dur-
ations and intervals by comparison of the square waveform values given in
Table 2.

3 TRANSFER STUDY PROGRAM

The foregoing simulation determined the effects transient waveform had on sa~
pIing accuracy but was an academic exercise in many ways because it is very
difficult to establish the waveforms in real life. The second program was
therefore written to examine a pipeline transfer or tanker discharge in its
entirety and as such was written in two parts, a data acquisition program
DATALOG, and a data analysis program, DATACAL, each of which is described below:

3.1 Data Acquisition Program

This program was written specifically for an Epson PX-8 micro-computer to util-
ise its portability, internal timers and 6 byte resolution analogue to digital
converter. Input was in the form of a 0-2 V d.c. signal either from a manual
control or from a water in oil capacitance cell. As such the computer and
program could be used to manually simulate a pipeline transfer from chart
recordings etc, or be carried and linked to a capacitance cell off-shore or at
a jetty to record 'real time' transfers.
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During data acquisition the program displayed variables such as control status,
actual time, elapsed time, storage capacity, and analogue input signal level on
the LCD screen of the computer. Either averaged or instantaneous digital
recordings could be taken at specified intervals from one second or longer and
stored in the internal memory of the computer or on an external micro floppy
disc. If stored internally, 60 000 or stored on micro disc, 140 000 two byte
recordings could be taken per transfer or tanker discharge.

3.2 Data Analysis program

Analysts of the data was in three parts:

3.2.1 Evaluating sampling error relative to sampling frequency

The actual water content in the transfer was calculated by accumulating the water
content at every point recorded during the transfer. Sampling errors were then
evaluated for a particular sampling frequency by accumulating the water content
at points separated by that frequency and evaluating the difference between that
and the actual water content. This was repeated for 30 different statistical
populations at each sampling frequency from which the 95 per cent confidence
levels of quoting water content for anyone population could be calculated.
These confidence levels were taken as being the sampling error for sampling at
that particular frequency. This was .repeated for a series of sampling
frequencies, the results of which were output in numerical form.

3.2.2 Evaluating the sampling error/frequency function

The sampling errors evaluated at each sampling frequency were entered into a
curve fitting routine to calculate a mathematical relationship between sampling
error and sampling frequency. From this relationship, the minimum sampling
frequency required to give a specified confidence level for water content
measurement could be derived.

3.203 Evaluating the probability density function

All the data points were 'filtered' into 64 different water content ranges and
the number of points falling in each range accumulated for the total transfer or
discharge. The number of points falling in each range was then evaluated as a
percentage of the total number of points and output both numerically and graphi-
cally to give the probability density function of the water contents recorded
during the transfer or discharge.

3.3 Application of the Program

No opportunity was available to use the data acquisition system on a field trans-
fer or tanker discharge during the course of this work. In the absence of any
field data, thereforet several simulated tanker discharges were created from a
manual input. The simulated discharges were modelled on several chart recordings
of actual tanker discharges and endeavoured to give a high water content during
the initial and final stages of the discharge and to insert random transients
during the entire discharge period. The simulated discharges were deliberately
made much more severe 1n terms of transient character to give a 'worst case'
simulation.

The results of this exercise can be seen in the computer printouts for a typical
simulated discharge logging and analysis given in Tables 5 and 6. Table 5 shows
the analysis covered 3400 x 24 = 81600 points at one second intervals, ie a
total of 22 hours and 40 minutes. The maximum water content during that time was
2 per cent, and the mean water content 0.5 per cent. Table 5 also shows the
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regression relationship between sampling error and sampling interval. Table 6
shows the probability density function of the discharge where the top S63
represents the 2 per cent water level, and SO the 0 per cent water level.
Densities at each intervening water level are given as percentages of the whole
and plotted horizontally across the page as a graphical representation of the
function.

Three simulated discharges were created and analysed over different sections of
the recordings to give a total of 25 different simulated discharges, the results
of which are summarised in Table 7. Several relationships, power, logarithmic
and exponential between sampling uncertainty and sampling frequency were tried
on the analysis of several simulated discharges and the linear relationship
returned the highest correlation coefficient in every case. Examination of the
results in Table 7 show this linear relationship between sampling error and
sampling frequency, ie sampling error is inversely proportional to sampling
frequency~

7

Before using the results of·Table 7 to estimate an optimum sampling frequency a
measure of the sampling accuracy required must be decided. Wilson and Richards (5)
estimated that the best obtainable accuracy for the overall sampling/transfer/
handling/sub-sampling/lab-testing procedure was ±0.05 per cent. This estimate
included the repeatability/reproducibility for the Karl Fischer titration water
analysis method which was quoted as. 0.02/0.06 per cent up to the 1.5 per cent
water content. If this is the case then it would be pointless trying to reduce
the uncertainty attributable to sampling frequency to better than +0.01 per cent
as it would be lost in the other components contributing to the overall sampling
uncertainty. Table 7 shows that for the assumed 'worst case' simulated discharges
analysed that a sampling frequency of 1000 samples per discharge would be border-
line, 2000 samples per discharge would be more than adequate and that 10 000
samples per discharge would really be unnecessary. This conclusion is based on
the worst case of tanker discharges but in cases where minimal water transients
would be expected, in a continuous production well export line for example, it
is possible that the sampling frequency could be substantially less without
imparing sampling accuracy.
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TABLE 1
MEMBERS OF PHASE THREE OF THE NEL AUTOMATIC SAMPLING PROJECT

RepresentativeOrganisation
AMOCO (UK) Exploration Co.
BRITISH PETROLEUM Int. Ltd.

B Henderson
R Gold, J S S Miller,
A Thorogood
K F L Withams
D Clark
G Payne
C F Sayer
P R Lallem
E Garland
Dr. L P Golan, G W Watts
E Tolladay
L W Farey, J Beeftink
F Paulsen, S Solbakken
M··0 H Bayliss, B Lawson
W G Grant, R T Liddle
G R Watson, G Cromarty,
Miss K Paterson, E G McGirr
N Monsen, T Ingebrigtsen
P Cleqq

BRITOIL PIc.
CHEVRON Petroleum (UK) Ltd.
CONOCO (UK) Ltd.
DEPARTMENT Of' ENERGY
DEPARTMENT OF TRADE AND INDUSTRY
ELF (UK) Ltd.
ESSO Engineering (Europe) Ltd.
MARATHON Oil (UK) Ltd.
HOBIL Services Co. Ltd.
NORWEGIAN PI::TROLEUMDIRECTORATE
OCCIDENTAL Pet. (Caledonia) Ltd.
PHILLIPS Pet. Co. (Norway)
SHELL UK Exploration
STATOIL
UNION OIL of Great Britain Ltd.

TABLE 2

INTERPOLALATION COEFFICIENTS FOR THE COMPU'rERSIMULA'rIONS
Regression fits were of the form .

E = a + bP - cH + d
0

where P, H and D are dependent variables given by

Wa = OP
H+D

G % Water R a b c d
1000 1 0.93 0.092437 0.004516 0.000025 0.090338
1000 5 0.93 0.059429 0.008836 0.000068 0.971822
1000 10 0.94 -0.019357 0.013786 0.000254 2.441642
1000 20 0.88 0.296827 0.010450 U.000491 0.248190
1000 50 0.69 1.561355 0.001545 0.001455 0.119280

10,000 1 0.92 0.005638· 0.000747 0.000003 0.085879
10,000 5 0.90 0.004825 0.001011 0.000008 0.338854
10,000 10 0.93 0.023533 0.001122 0.000025 0.075399
10,000 20 0.97 0.080174 0.000138 0.000030 1.749248
10,000 50 0.94 0.015115 0.000910 0.000020 6.843370



TABLE 3

STUDY OF EFFECT OF TRANSIENT WAVEFORM ON INTERMITTENT SAMPLERS
AT A GRAB RATE OF 1,000 GRABS7TANKER DISCHARGE, 5% \>lATER

P H X Diff. 95%
% sec sec C.L.

SQUARE WAVEFORM H+0=1200 ..G=86

100 1140 60 0.002 0.814
90 1133.3 66.66 0.005 0.534
80 1125 75 0.035 0.306
70 1114.3 85.71 0.001 0.272
60 1100 100 -0.008 0.350
50 1080 120 -0.004 0.418
40 1050 150 -0.026 0.328
30 1000 200 -0.030 0.194
20 900 300 0.002 0.138
10 600 600 0.005 0.074

7.5 400 800· 0.003 0.052
5 flat flat 0.000 0.000

SHAPED WAVEFORM H+0=1200. G=86

100 1110 90 -0.004 0.434
90 1100 100 -0.009 0.378
80 1087.5 112.5 -0.019 0.200
70 1071.4 128.6 -0.001 0.048
60 1050 150 0.004 0.130
50 1020 180 0.025 0.130
40 975 225 0.004 0.046
30 900 300 0.003 0.024
20 750 450 0.001 0.018
10 300 900 0.002 0.004

7.5 0 1200 0.002 0.004
5 flat flat 0.000 0.000

SAWTOOTH WAVEFORM H+D=1200. G=86
100 1080 120 0.010 0.208

90 1066.7 133.3 0.071 0.142
80 1050 150 -0.000 0.046
70 1028.6 171.4 0.002 0.014
60 1000 200 0.007 0.050
50 960 240 0.008 0.074
40 900 300 0.000 0.034
30 800 400 0.002 0.022
20 600 600 0.002 0.016
10 0 1200 0.003 0.002

7.5 over lap
5 flat flat 0.000 0.000



TABLE 4

STUDY OF EFFBC'r OF TRANSIENT WAVEFORM ON INTERMITTENT SAMPLERS
AT A GRAB RATE OF 10;000 GRABS7TANKER DISCHARGE; 5% HATER

P H X Diff. 95%
% sec sec C.L.

SQUARE WAVEFORM H+D=1200. G=8.6
100 1140 60 -0.001 0.076

90 1133.3 66.66 0.003 0.064
80 1125 75 -0.002 0.044
70 1114.3 85.71 -0.002 0.046
60 1100 100 -0.001 0.030
50 1080 120 -0.001 0.034
40 1050 150 -0.003 0.022
30 1000 200 0.001 0.020
20 900 300 0.001 0.016
10 600 600 0.001 0.008

7.5 400 800 0.001 0.004
5 flat flat 0.000 0.000

SHAPED WAVEFORM H+0=1200. G=8.6

100 1110 90 0.000 0.006
90 1100 100 0.000 0.002
80 1087.5 112.5 0.001 0.004
70 1071.4 128.6 0.001 0.000
60 1050 150 0.000 0.002
50 1020 180 0.001 0.000
40 975 225 0.000 0.002
30 900 300 0.001 0.002
20 750 450 0.001 0.002
10 300 900 0.001 0.000

7.5 0 1200 0.001 0.000
5 flat flat 0.000 0.000

SAWTOOTH WAVEFORM H+D=1200. G=8.6
100 1080 120 0.001 0.002

90 1066.7 133.3 0.001 0.002
80 1050 150 0.001 0.002
70 1028.6 171.4 0.000 0.002
60 1000 200 0.001 0.002
50 960 240 0.001 0.002
40 900 300 0.001 0.002
30 800 400 -0.001 0.002
20 600 600 0.001 0.002
10 0 1200 0.001 0.000

7.5 over lap
5 flat flat 0.001 0.000
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***

NATIONAL ENGINEERING LABORATORY
program DATACAL by N W King

***
***

TABLE 5

PRINTOUT OF 'DATACAL' PROGRAM SHOWING STATISTICAL RESULTS

ANALYSIS OF SAMPLING RECORDING TEST4

Coooaents:- DATALOGS program used for logging
Artificial tanker discharge

Test start 08:43:29 on 11/02/86 and end 10:10:42 on 11/02/86
File has 3401 records each with 24 single loggings every 1 sec.
This analysis covered records from 1 to 3400
Maximum voltage was 2.0 representing 2.0 % water content.

«< MEANS AND STANDARD DEVIATIONS »>

MEAN DIFFERENCE SIGMA 'T'SIGMA
Every 1536 points = 0.5314 -0.0030 0.0533 0.1045

768 = 0.5319 -0.0024 0.0310 0.0608
384 = 0.5334 -0.0010 0.0238 0.0466
192 = 0.5339 -0.0005 0.0145 0.0285

96 = 0.5342 -0.0002 0.0076 0.0148
48 = 0.5342 -0.0001 0.0022 0.0043
24 = 0.5344 -0.0000 0.0018 0.0038
12 = 0.5344 0.0000 0.0006 0.0012
8 = 0.5344 0.0000 0.0007 0.0016
4 = 0.5344 0.0000 0.0003 0.0008
2 = 0.5344 0.0000 0.0000 0.0000
1 = 0.5344 0.0000 0.0000 0.0000

«< REGRESSION »>

SAMPLING ERROR = 0.00006951 * SAMPLING INTERVAL (S) + 0.00442706

Correlation coefficient = 0.97805
Interval to obtain +/- 0.1 % water confidence limits = 1375 sec.
Interval to obtain +/- 5% of mean water content c.l. = 321 sec.



TABLE 6

PRINTOUT OF 'DATACAL' PROGRAM SHOWING PROBABILITY FUNCTION
863 = 0.42 * 531 = 0.98 '*562 = 0.13 '* 530 ;:;:; 0.92 '*561 ::: 0.15 * 529 = 0.98 '*560 = 0.07 * 528 = 0.98 *S59 = 0.25 * 827 = 1.34 '*558. = 0.40 '* 526 = 1.48 '*857 = 0.32 '* 525 = 2.26 *556 = 0.47 * 524 = 1.69 '*855 = 0.31 '* 523 = 2.tH *554 ;:;:; 0.21 * 522 == 1.62 '*553 = 0.47 * 521 = 1.73 '*552 = 0.47 * 820 = 1.62 *551 = 0.26 '* 519 = 2.07 *550 = 0.50 '* S18 ::: 1.61 *549 = 0.47 '* 517 = 1.13 '*548 = 0.43 '* 816 = 2.21 *547 = 0.74 '* 515 = 1.91 '*546 = 0.38 '* 514 = 1.23 '*545 = 0.54 '* 813 ::: 1.91 '*544 = 0.54 '* 512 ;:;:; 1.33 *543 = 0.68 '* 511 = 3.87 '*542 = 0.64 '* 510 = 2.47 '*541 ;:;:; 0.33 '* S09 = 6.39 '*540 = 0.60 * 508 = 5.29 *539 = 2.07 '* 507 = 2.95 '*538 = 1.01 * 506 = 3.78 '*537 = 0.47 '* 505 = 3.78 *536 = 0.76 '* 504 =17.93 '*535 = 0.28 '* 503 ::: 4.39 '*534 = 0.56 '* S02 = 0.42 '*533 = 0.34 '* 501 = 0.49 *532 = 0.82 '* SOO = 0.54 '*



TABLE 7
RESULTS OF 25 'DATACAL' COMPU'rER SIMULATIONS

TEST REC REC NO MAX MEAN NOl-1* UNCEjTAINTY AT GIVEN SAMPLES/DISCHA~GE
NO STAJ{T END PTS WATER WATER PEAK 100 200 I 500 11000 12000 .15000 110000

, 1

4 1 3400 81600 2 0.53 1.86 0.114 0.061 0.030 0.019 0.007 0.004 0.003
4 1 1700 40800 2 0.54 1.86 0.149 0.098 0.046 0.020 0.015 0.004 0.003
4 1700 3400 40800 2 0.53 1.88 0.059 0.031 0.015 0.009 0.007 0.005 0.004

10 1 2400 57600 2 0.38 2.63 0.121 0.060 0.035 0.023 0.017 0.006 0.004
10 1 1200 28800 2 0.39 2.56 0.095 0.052 0.017 0.009 0.004 0.002 0.001
10 1200 2400 28800 2 0.36 2.74 0.086 0.050 0.040 0.033 0.016 0.003 0.003
10 1 600 14400 2 0.36 2.76 0.091 0.050 0.015 0.013 0.006 0.003 0.003
10 600 1200 14400 2 0.42 2.38 0.071 0.043 0.018 0.013 0.007 0.003 0.003
10 1200 1800 14400 2 0.40 2.47 0.074 0.065 0.044 0.012 0.007 0.003 0.003
10 1800 2400 14400 2 0.33 3.07 0.110 0.086 0.054 0.025 0.010 0.003 0.003
10 1 300 7200 2 0.43 2.3 0.065 0.035 0.016 0.007 0.003 0.003 0.003
10 600 900 7200 2 0.41 2.42 0.097 0.059 0.036 0.014 0.006 0.004 0.004
10 1200 1500 7200 2 0.34 2.91 0.058 0.048 0.017 0.013 0.003 0.002 0.002
10 1800 2100 7200 2 0.33 3.07 0.055 0.046 0.018 0.003 0.002 0.002 0.002
11 1 2400 57600 32 1.64 19.53 0.322 0.213 0.086 0.056 0.015 0.005 0.003
11 1 1200 28800 32 2.00 16.00 0.219 0.126 0.071 0.052 0.020 0.003 0.001
11 .1200 2400 28800 32 1.27 25.20 0.289 0.179 0.113 0.070 0.011 0.004 0.002
11 1 600 14400 32 2.63 12.16 0.166 0.093 0.049 0.010 0.007 0.003 0.002
11 600 1200 14400 32 1.37 23.25 0.206 0.082 0.051 0.010 0.004 0.003 0.002
11 1200 1800 14400 32 0.64 50.00 0.342 0.218 0.125 0.060 0.020 0.010 0.005
11 1800 2400 14400 32 1.91 16.74 0.183 0.131 0.060 0.016 0.007 0.005 0.004
11 1 300 7200 32 3.70 8.64 0.136 0.081 0.030 0.011 0.006 0.004 0.003
11 600 900 7200 32 1.54 20.78 0.188 0.050 0.020 0.010 0.005 0.004 0.003
11 1200 1500 7200 32 0.78 40.76 0.198 0.099 0.040 0.013 0.009 0.005 0.003
11 1800 2100 7200 32 1.44 22.29 0.174 0.084 0.035 0.014 0.007 0.005 0.003

means = 0.147 0.086 0.043 0.021 0.008 0.004 0.003
( * Nominal Peak = maximum peak water content if mean water were 1 percent)
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INTRODUCTION

In order to reduce the considerable expense involved in transporting oil
from offshore production platforms to onshore terminals, it is now common
practice for several different platforms to use the same pipeline. For
accounting purposes, each contributor to the pipeline must obviously
monitor both the quantity and the quality of the fluid which it exports.
This information is of great interest (~ainly financial t) to the
contributor, its pipeline partners, and to the Department of Energy.
In this context, Shell U.K. Exploration and Production Ltd has mandatory
and contractual obligations to measure and record the water content of the
oil it produces in the Northern Sector of the North Sea. This
measurement, commonly referred to as "B.S. & W." within the industry, has
proved a difficult one to make using continuous means. The intention of
this paper is to briefly describe the problems encountered, and to show
how these have led to our present programme of installing and evaluating
the "Aquasyst" sensor manufactured by Endress & Hauser (U.K.) Ltd.

BACKGROUND
The most obvious means of determining the water content of oil in a
pipeline is to draw off a sample for analysis in a laboratory. However
this technique is beset by two major problems.

Firstly, it is not continuous, allowing short peaks of high water levels
to pass undetected between samples. This applies during process upsets or
when the wells in use are being changed over.
Secondly, it is cumbersome and is acknowledged to need improvement.
Recent work indicates that the geometry of the sampling point and the
method of analysiS can have a dramatic effect on accuracy.
In an attempt to overcome these problems, many platforms have been fitted
with sensors which provide continuous measurement. These take the form of
a cylinder within the oil pipework which acts as a fixed geometry
capacitor. The different dielectric constants for oil and water allow the
water content to be inferred from the capacitance measured.

Most sensors of this type are without formal certification of their
suitability for use in hazardous areas. Only one unit is covered in this
way, and it has therefore been used widely in the North Sea.

Some problems have been experienced with this unit. In a few instances,
the cylindrical section within the oil pipe has broken off, probably due
to turbulent flow. This has been caused, or accompanied, by a failure of
the main connecting stud joining the cylinder and the electronics housing,
allowing oil at pressure to flood the instrument electronics. In some
cases, the oil actually made its way up the signal cable. With this in
mind, we continued to make the measurements requited of us, but looked for
some improvement on the methods available.
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ONSHORE EXPERIENCE

Our search for a replacement led to the Endress & Hauser "Aquasyst"
instrument. This device had been developed in conjunction with B.P. and
carried a suitable specification, deriving its capacitance measurement
from change transfer characteristics of the fluid instead of the impedance
method of earlier instruments. Early trial reports seemed encouraging.
It was not covered by formal certification of its suitability for use in
hazardous areas, although it has been submitted to BASEEFA for approval.
It has, however, been given a Letter of Conformity for the appropriate
CENELEC standards by SIR A Ltd. It can therefore be regarded as meeting
the engineering requirements for an Intrinsically Safe system, and we have
chosen to accept this pending full certification cover.
We therefore purchased one unit - the dual cell model with Class 900
piping specification and 5% range. To gain some experience quickly,
without the obvious disadvantages of working on a "live" offshore
platform, we pursued a brief programme of onshore testing.

A small pumped test rig as used (see Figure 1) with gas oil as the fluid,
since this has a dielectric constant similar to that of our crude oil.
Measured quantities of water were added, and the resulting mixture
analysed by the Karl Fischer titration method. The results obtained
(Appendix A) indicated three main characteristics for the instrument.

1. Linear response.

2. Good repeatability.

3. Rapid and stable response to "step" changes in water level.

Our instrument gave sensible readings up to 5.5J water in oil, then simply
continued to display this figure at all higher water levels. These
results were deemed satisfactory, and the instrument was taken offshore.
OFFSHORE INSTALLATION

The first unit purchased was installed on the North Cormorant platform.
For operational reasons, the instrument had to he installed without
shutting down the platform, resulting in the sensor being mounted in a
densitometer bypass loop, with the sample flowing vertically downwards
(see Figure 2). Although the manufacturers recommend that the sample
should flow upwards ideally, this option was not available at the time.
Two points regarding the installation are worthy of note. Firstly the
weight of the sensor itself demands attention. At 98 kg, it cannot simply
be mounted at the side of a pipe - proper structural supports are
essential, especially since the inlet and outlet connections are made via
one inch pipework.
Secondly, we chose to use a manual bypass valve in parallel with the
sensor. No figures were available for the flow resistance presented by
this sensor, so we needed a means of controlling both the flow rate
through the sensor (to exceed recommended minimum velOCity) and the flow
resistance in the main sample loop (to avoid overloading the pumps and
prevent gas break-out within the instrument).
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Using this arrangement, we then carried out several series of comparisons
between the readings generated by the intrument and the corresponding
sample analyses using laboratory techniques. The results of these tests
are discussed in the next section.

In view of the importance of the measurement, a further two instruments
were installed - one on the Fulmar Alpha platform and one one the Fulmar
Floating Storage Unit (F.S.U.). In both cases, the sensor was again
mounted in a pumped densitometer loop, but with the sample flowing
vertically upwards as recommended. Both instruments were monitored as
above. By this stage, Endress & Hauser had replaced the original
electronics module with a microprocessor based unit, but the sensor
remained unchanged.

Further installations are planned on three more platforms at present, with
some improvements. Additional isolation valves with dedicated calibration
and drainage connections should help both commissioning and maintenance.
A local flow indicator will ensure that the minimum recommended flow
velocity through the sensor is consistently exceeded. (See Figure 3).
TEST RESULTS

After initial commissioning of the North Cormorant instrument, its
readings were recorded and compared with a sample taken some way
downstream and analysed by the centlfuge technique.

While the upper cell followed the trend in water levels indicated by
sample results, the lower cell drifted steadily to a high reading. The
discrepancy between cells exceeded 1% water in oil within 24 hours.
Closing in the bypass valve to increase the sample flow rate through the
instrument cleared the discrepancy in some ten minutes. This "flushing"
technique confirmed the manufacturer's warning that low flow rates can
lead to water droplets settling out on the lower sensor. It has also
proved useful when similar problems were encountered as a result of water
slugs.
These early results (Appendix B) showed an encourging ability of the
instrument to follow changes in the water content of the oil being
analysed. In fact the recorder trace became a convenient tool for the
platform operators to monitor short peaks of water during process upsets
or well changes (Appendix C).

The absolute accuracy of the instrument readings still required further
investigation however. By this stage, three instruments were installed.
The testing programme was continued on all three locations, but with two
distinct improvements.
Firstly, the samples were taken close to the instrument, within the sample
loop, to provide a more representative sample. Secondly, the laboratory
analysis was based on the Karl Fischer titration technique, which has been
demonstrated to be more accurate than the centifuge technique, especially
at low water levels.

NMJ053 3
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Each series of tests covered one month, with samples taken every 12 hours
(one per operating shift). Some of the results are displayed in Appendix
D, and be summarised as follows:-

1. The instrument follows trends in water levels closely.

2. Occasional sudden divergences appear to be unrelated.

3. In the majority of cases, the instrument readings and the
results of sample analysis differ in the second decimal place
of percentage water in oil.

Throughout our work, the equipment has appeared robust, with failures
limited to the safe area electronics, namely an opto-isolator and a power
supply card.

FURTHER WORK
At the time of writing, our series of tests are still continuing. The
major question marks lie in" the areas of sample removal and analysis.
Getting a representative sample of the fluid passing through a pipe is now
recognised to be fraught with difficulties. In an ideal world several
samples would be taken for independent analysis and comparison by
dedicated laboratory personnel, but such luxury is not available on a busy
offshore platform.

The relationship between pressure loss across the cell and flowrate has
still to be determined if the instrument is to form part of a pumped
analysis loop. We have attempted to calculate theoretical figures, but
the assumptions made to cope with the internal geometry of the cell simply
confirm that some practical testing is essential.

Full BASEEFA approval would clearly be desirable. The instrument range is
now 40% water In 011, compared with the original 5%, so that it is now
being looked at for other uses outside fiscal oil metering stations. In
such applications (for example, within the separation process of an
offshore platform) any increase in range beyond 40% water would be
particularly attractive as the water levels encountered in our existing
fields increase through time.
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FIGURE 1 - ONSHORE TEST RIG
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FIGURE 2 - INSTRUMENT INSTALLATION (NORTH CORMORANT)
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USE OF THE INLINE GAS CHROMATOGRAPH
FOR GAS SALES FROM AN OFFSHORE PLATFORM

1.0 Introduction
This paper is intended to give an overview of our limited
experience ·1n the operation and maintenance of in1ine gas
chromatographs in the Statfjord Field.
While in1ine gas chromatographs are not new devices, they are
however new in the offshore oil and gas industry, and like other
new devices in this industry it takes time before they become
true1y accepted. I therefore intend as part of this paper to
outline how far we have come in having these devices accepted, and
to describe the lessons that we have learned which could benefit
others considering the installation of similar devices. As my own
experience is specificly operational, I do not intent to address
problems from an engineering view point.
Before proceeding with our experiences I would first like to
describe the systems which we currently have on our offshore
platforms.

2.0 Background
Installed on each of the Statfjord platforms there are individual
meter stations for measuring the quantity of gas produced by each
platform. In addition there is a further meter station installed
on "8" p1atfonn for measuring the quantity of gas being exported
to the UK. All of these meter stations are of orifice plate design
and are supplied by Daniel Industries.
During the design of our gas meter stations it was decided that an
in1ine gas chromatographs should be installed on each meter run to
provide real time analysis of export gas. The reason for this
decision was fourfold, namely:

to furnish data which could be used for calculating the
volume and energy of exported gas (i.e. calculate the heating
value in MJ and the relative density)
to ensure that gas quality specifications were met (i.e.
Nitrogen and CO2 content)
to provide the pipeline operator (Statpipe) with input for
their leak detection system and pipeline optimisation model
to provide a means for allocation accounting after a period
of testing

GG802.931 2



Carry out all the necessary switching actions.
Output data to the Metering Station Master Computer as
required.

3.0 System Requirements

In order to meet the above requirements it was decided to install
a fully automatic system which could meet the following
parameters:

Remove a representative sample of the gas from the sales
line, prepare the sample and inject a measured amount of
sample into the GC Columns.
Separate the sample into desired component parts for
analysis.
Identify the components.
Measure and calculate the physical values of the components.
Examine the physical values for validity by
a) Comparing them with preset high/low values.
b) Totaling and normalizing them.
Examine the correct functioning of the analyzer
Calibrate at a predetermined frequency.
Produce an Analysis Report every analysis cycle.
Produce a System Status Report daily.
Produce a Sensor Status Report every time a change of status
is detected.

4.0 System Description

In order to perform these functions and to meet our design and
operations criteria stated above our system was installed with the
following hardware configuration.

4.1 Gas Chromatograph (Bendix 022)
Each of the Bendix gas chromatographs are divided into three
compartments, i.e. electronic housing, uninsulated control
housing and the insulated oven housing.
The electrunic housing contains the data converter, the
bridge amplifier, the oven controls, the solenoid controls
and the electrical terminations.
The uninsulated control housing contains the column pressure
gauge and regulator.
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The oven housing is an insulated, air tight enclosure which
provides a temperature control environment for the switching
values, flow adjusting values, columns and thermal
conductivity detector. The heater is a 1000 watt heater with a
cylindrical heater barrel which extends into the oven.
The oven contains three columns for separating the components
to be analyzed. Each column is made of 1/8" 55 tubing with
internal packing conforming to the following specifications:

Column 1 which analyses the C6 plus components lump is a
2 ft. column filled with OPN/Porasil "C" 80/100.
Column 2 which analyses IC4, NC4, IC5 and NC5 is a 20
ft. column filled with DC200 20% chromosorb 60/80.
Column 3 which analyses N2, C1, C02, C2 and C3 is a 10
ft. column filled with Poropak "T" 50/80.

By use of these three columns a cycle time of 15 minutes
between each analysis can be achieved.
The inert carrier gas used is high purity Helium and the
calibration gas for the chromatograph complies with the
analysis shown in Table I, which is near our export gas
composition.

4.2 Analyzer Control (Bendix Model 500 - 2)
The analyzer control system is run by a Data General MP-lOO
Micro Computer composed of a CPU board, a 32 K memory board,
power supply, battery pack and battery backup power supply.
In addition it has a disc subassembly, a Perkin Elmer model
550 VDU, a keyboard, and a Texas Instrument Omni 800/model
840 teleprinter terminal.
The computer insures that the sample is introduced into the
proper columns, controls column switching, and monitors the
output of the detector system. It then converts the raw data
from the detector system into the gas analysis and checks to
see that the individual components are within certain pre-set
limits. The limits used by our system are shown in Table II.
These are based on our experience with our gas analysis
variation.
The computer also calculates the Relative Density and Heating
Value for the analysed gas. These values are then transmitted
along with the analysis through an RS 232 C output port to
the station Master Computer. These values are used for flow
and energy calculation until new upda~ed values are
available. The computer also controls the calibration of the
gas chromatograph using the calibration gas.
This computer system requires a minimum of operator input
The Control Room Operator chooses the automatic calibration
frequency and number of consecutive cycles for each
calibration. The frequency can be in hours or days. If days
are chosen, the calibration will be done at 08.00 hrs. each
day.
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The pressure reduction for the gas is performed in
two stages. Stage one reduces the pressure from the
operating line pressure (approx. 170 barg) to
70 barge The second stage reduces the sample from
70 barg to approx. 7 barge

When a new standard gas is connected to the system, the
operator must enter the new concentrations of each individual
component into the computer system using a set procedure. The
computer will then use these values in the automatic
calibrations of the gas chromatograph.

4.3 Pressure and Purge System (Expo Safety Systems Ltd.)
This system purges and pressurizes the data converter and the
electronic unit. The initial action on start-up is to purge
the enclosure by pressurising to a higher pressure than
normal. This high pressure is maintained for a preset time,
after which the pressure is lowered to the normal operating
pressure and then electrical power is allowed to be supplied
to the chromatograph.

4.4 Sampling System
4.4.1 General

4.4.2

The sample systems used for conditioning the gas
sample supply from the pipe to the Bendix Gas
Chromatographs on the Statpipe and UK gas offtake
metering systems are essentially identical.
The sample systems are configured in 3 distinct
parts:
a. Cosasco probe sample take off.
b. High pressure sample conditioning system.
c. Low pressure sample conditioning system.
Cosasco Probe
The Cosaseo probes on all skids are located on the
gas export metering system inlet headers. The
probes are fitted into a 2 inch Weldolet flange
located in a common flow point of the inlet
headers.

4.4.3 High Pressure Sample System
The high pressure sample conditioning system is
located adjacent to the Cosasco probe as shown in
Sketch I. The tube run between the probe and HP
system is 1/4 inch 00 thick wall tubing. The total
length of the tubing between the Cosasco probe and
the HP cabinet is in all installations less than 2
meters.
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The sample system enclosure is heated to maintain
the enclosure temperature above 25 degrees celcius
to prevent liquid condensation, and all pipework is
heat traced and insulated to prevent the cooling of
the gas which would result in liquid dropout
causing bad analysis. Particular attention has been
placed with regard to heat tracing the "Tescomll
pressure regulators. These pressure regulation
stages have been duplicated to allow maintenance
and replacement of a faulty regulator without loss
of sample to the HP skid outlet.

4.4.4 Low Pressure Sample System
The low pressure sample system is located
immediately outside the chromatograph housing. The
layout of the LP skid is shown in Sketch II. It is
connected to the HP sample system by a sloping run
of 1/4 inch thick wall stainless steel tubing.
The low pressure sample systems are identical on
the Statpipe skids. The UK offtake low pressure
sample system is slightly different in that it is
equipped with sampling conditioning equipment to
provide a sample for the Relative Density Analyzers
on the meter skid.
The low pressure sample system is constructed in
much the same way as the HP sample system. A space
heater maintains the enclosure temperature above 25
degrees celcius. The sample response time is kept
to a minimum by using a fast bleed to vent via a
variable area flowmeter. The typical response time
from the Cosasco probe to the Bendix chromatograph
is approx. 3 minutes. (This could be improved to
approx. 30 seconds). To find the best response time
for our installation, we have experimented with
this response time and have found that the various
pressure regulators give a more stable performance
at the response time of 3 minutes selected. This
performance is most apparent during start-up where
it is possible to contaminate and freeze up the
regulators with liquid dropout particularly after a
shutdown when the gas is below the cricondenbar and
is allowed to cool.
The gas sample is further reduced to 3 barg before
it is supplied to the gas chromatograph itself. The
Bendix chromatograph calibration gas is piped to
the LP sample system and is automatically supplied
on a periodic basis via a 3 way pneumatically
actuated valve. This valve is controlled by the
Bendix controller using a solenoid valve.

GGB02.931 6



Care must be taken to ensure that no foreign material, dirt,
scale, free liquids etc. gets into the GC. I suggest that a
small inline filter be installed to remove these impurities.
Care again should be exercised to ensure that no liquids are
formed due to pressure drop in these filters.

5.3 Conditioning System
The sample conditioning system should be designed such that
it has adequate rotometers to ensure proper flows and
sufficient valving to allow proper maintenance of the system.

5.0 Experiences during Design and Installation

In my opinion the failure or sucess of a GC System is decided
during the design and installation stages. In selection of the
system we sometimes simply buy the most expensive GC on the
market, and then do not install it properly or design a good and
maintainable sample system, and expect it to function perfectly in
an offshore environment. This is a common misconception and one
which can result in disillusionment and mistrust of offshore GC
systems or even failure of the system to perform at all.
This section therefore endeavours to highlight from our experience
those areas where attention should be paid during the design and
installation of such systems.
5.1 Positioning of Sample Probe

The sample point must have a proper sample probe to ensure
that gas is sampled from the center 1/3 of the pipe. Probes
should also be located such that gas is well mixed but not
too turbulent. The probe location should be about 8 - 12 pipe
diameters downstream of the last restriction or elbow. Also
be sure that you specify" a probe type that can be withdrawn
under pressure.
In our system the probe was designed to take a large pressure
drop and use flowing gas to keep the gas warm. Since we did
not continuously flow through each meter run, the device was
sometimes left with stagnant gas which resulted in freezing
problems. Our solution was to build both the HP and lP
sampling systems.

5.2 Sample lines
The sample line from the probe in the gas flow line to the
sample conditioning system should be as short as possible.
Care must be taken to ensure the gas in this line does not
reach conditions where liquids can form, or if liquid do
form, where they can be trapped.
In a fast loop system the velocity through the probe and
system must be high enough to ensure that the gas in the fast
loop is representative of the gas in the main line at the
point where the sample is taken.
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Check on where you can locally obtain calibration gast you
can use a lot. When specifying this gas it should be as near
as possible to the gas to be analyzed. In addition a minimum
pressure should be determined for each bottle above which the
analysis is valid. long storage of these gases can be a
problem through stratification.

The entire sample system should be inside some type of
building which is near the sample probe, and the building
should be large enough to allow the technician to perform
work on the system within the enclosure.

5.4 Vent System
Be sure that the gas vented from the GC sample system is
properly installed so as not to create a safety problem or
cause operations problems by its location.

5.5 Vendor Interface
Be sure testing is done on the GC system at the vendor's
factory a sample of the actual calibration gas to be used,
prior to shipment.
Involve someone in your own organization in the programming
of the computer so that if you want to make some changes
later you don't always have to go back to the vendor. Only in
this way can you control your own destiny.
Be sure the standards for calculating values meet with
approved standards for· allocation. By this I mean don't use
GPA standards or ASTM standards where ISO is required.
Be sure reports generated by GC meet operations and
accounting needs. It is best to have report layouts approved
by Operations before the programming begins.
Be sure that the system has a proper security system so that
the data is adequately protected. This is requirement of all
governmental bodies.
Be sure that the vendor furnishes complete documentation.
This must include flow charts for all computer programs and
back-up disks.

5.6 Spare Parts
Be sure to get plenty of spare parts especially detectors and
columns. The columns can be poisoned by impurities in the gas
and the detectors can be ruined easily during start-up. The
spare columns should be capped and kept in the GC oven so
they will be ready when needed.

5.7 General Tips
Use Helium as carrier gas not Hydrogen because of the danger
of fire. This is very important on enclosed offshore
installations.
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Check on the impurities in the gas. Some impurities can
poison the GC columns or cause other problems.
Be sure and pick a reasonable analysis time. Too fast a time
can increase maintenance cost while too slow could lose
accuracy.

A thermal conductivity detector does not detect low
concentrations of H2S. If you want to do this it will
probably require a flame ionization detector which will
increase the cost.

6.0 Experiences During Operation and Maintenance

Our operation and maintenance experience is to say the least
somewhat limited, since it is only in recent months that all of
our system have been finally commissioned. None the less there are
a number of factors which we consider to be important, and would
draw to your attention.
6.1 Education of Personnel

Probably the one most important factor effecting the
operability and maintenance of the GC system is the quality
and experience of staff dedicated to these tasks. It is
therefore vital (especially in the early months of the
systems operation) that good communications exist between
personnel on each shift, to enable experiences and problems
to be shared. This level of communication is hard enough to
achieve at the best of times without the extra complications
of offshore shift work, where one works two weeks offshore
and then has three weeks free.
We would therefore recommend that as much training and
experience gathering is carried out at the beginning of the
project thus consolidating the learning period and preventing
the generation of doubts regarding the reliability of the
system. When people have a clear understanding of the
operation of a system they tend to believe in its success and
work harder towards that goal.

6.2 Pressure and Temperature Instability
During the first 6 months of operation the most frequent
problem encountered was one of pressure and temperature
instability of the chromatograph columns. This problem was
due primarily to sever environmental conditions (around the
sampling system and GC cabinet) which resulted in the need to
regularly reset the response factors and gating timing after
adjustment of the pressure regulators inside the
chromatographs. This problem was eventually cured by a
redesign of the temperature control system and the use of
heat tracing and cabinet heaters. Since that time very little
adjustment has been necessary.

GG802.931 9



logistics, transport and handling problems.
high cost of maintaining/replacing sample cylinders
statutory requirements regarding the six monthly
maintenance and annual recertification of sample cylinders.

A breakdown of some of the costs (which we believe to be
conservative) associated with the above are presented in
Table III.

6.3 Back Pressure Problems
During the early period of operation we experienced back
pressure problems on the vent system. This problem- was caused
by high winds and was cured by a redesign of the system.

6.4 Daily Maintenance
Many times we blame a system's failure on its design whenpossibly we have not given it the proper daily care required
to keep it operating properly. A GC system is a device which
needs TLC (Tender Loving Care). This does not mean that the
system needs to have someone working on it continually, but
it does mean that daily checks need to be made by a competent
person. Some of these checks needed are adequate carrier gas,
standard sample pressure, sample system cleanness, and other
items. By doing this on a daily basis the system will run
smoothly and will keeps its high degree of accuracy. It is
recommended that a check list be developed for ensuring that
proper checks are made.

6.5 Care during Downtime
If the gas is below its cricondenbar in the sample
conditioning system when the system is shut down, it is very
important that proper precautions are taken to safeguard
against liquid buildup. This is especially important when the
system is down for prolonged periods of time such as yearly
shutdowns.

7.0 Proving the Inline GC for Allocation Accounting

As was mentioned earlier, one of the reasons for installing the
gas chromatograph offshore was to provide a means for allocation
accounting. While this concept is by no means new, it has not
received general acceptance in the offshore industry. A
conversion to the use of gas chromatograph for allocation
accounting would of course mean a change from the existing
accepted use of flow proportional or spot gas samples for
allocation purposes.
This change we have tried to justify on both economic and
commercial grounds.
Our economic justification is based principly on problems with
sample cylinders for the existing flow proportional sample
systems, namely:

GG802.931 10



Stage I
This first stage is intended to prove the
mechanical reliability of the entire system and
will last approximately six months. During this
period daily records will be kept on reliability~
downtime, mechanical problems, and computer
problems. A report on these matters will be sent to
all interested parties every two months. At the end
of this period the results will be evaluated and
should show that the inline Gas Chromatograph is
mechanically sound and operates reliably. In this
first stage no extra manpower requirements are
envisioned above those presently used for keeping
the system running.

In addition to basic economic considerations, the use of inline
gas chromatograph would enable us (via our offshore data
transmission system) to meet contract deadlines for volume and
allocation data transmissions without the need for analysing
sample at an onshore laboratory.
7.1 Approach

Before our inline gas chromatograph can be accepted for
allocation accounting~ they must however be approved by all
unit owners (i.e. all partners). As none of the Statfjord
partners or for that matter other operators in the Norwegian
sector, use inline gas chromatographs for allocation
purposes, we have been breaking virgin ground. We have
therefore developed a test procedure in discussion with all
interested parties that comprises three distinctly separate
stages, namely:

collect maintenance and reliability data about the
inline GC.
prove the capabilities/accuracy of the inline GC.
test inline GC against flow proportional system.

The purpose of this three stage approach is to enable the
program to be halted at any time should any of the three
stages fail to meet agreed acceptance criteria.
7.1.1

7.1.2

66B02.931 11

Stage II
In this stage we intend to prove the inline Gas
Chromatograph against a certified onshore GC system
at an approved laboratory. This will be done by
preparing two certified gas samples. These samples
will be numbered and sent onshore for analysis on
an approved Gas Chromatograph. Thereafter the
samples will be returned offshore for analysis by
the inline Gas Chromatograph.



The analysis will be run on each GC until two
analysis are within the following repeatability
limits from ASTM 1945. (This standard which was
chosen as the new ISO standard was not approved
when field procedures for sampling were approved.)

Component, Mol % Repeatability
0.01 to 1.0 0.03
1.0 to 5.0 0.05
5.0 to 25.0 0.15
Over 25.0 0.30
C6 and heavier fraction 5% of amount
The analysis from both the offshore and onshore
tests will be compared, to establish if they are
within the reproducibility limits given below.
Component, Mol % Reproducibility
0.01 to 1.0
1.0 to 5.0
5.0 to 25.0
Over 25.0
C6 and heavier fraction

0.06
0.10
0.20
0.60
10% of amount

Each of the inline gas chromatographs will have
this comparison analysis carried out on at least
two occasions separated by a period of two months.
On completion of this portion of the test we hope
to have proven the GC portion of the system.

7.1.3 Stage III
The intention of the final stage will be to prove
the entire GC system, (including the sample
preparation system), and will be possibly the most
difficult stage. In this stage we will compare the
results of the inline GC with the analysis from the
existing flow proportional sampler for the same
period. This comparison will be done by the
following method which will be preformed by our
offshore computer system:

The Mol % calculated by the Inline Gas
Chromatograph Computer will be converted to Wt
% for each component.
The computer wiil calculate the tonnes of gas
(MF) measured from the time the sample is
taken into the GC until the next sample is
taken into the Gt.
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The uBH calculation will be done for each
component after each analysis is
completed.
The MF will be the tonnes determined in
item 2 above.

The following algorithm will be used to
calculate the average wt% for each component
analysis:
a) Wt{x) = 0 for x = 1 to 10
b) Wt(x) = Wt(x)+(MF * WtP(x) )

100.0
Wt(x) for each component will be zeroed
at the end of each period (i.e. two
weeks)

WtP(x) is the Wt % of component x as
determined for the latest analysis.

c) At the end of the period the Wt % for
each component will be determined in the
following manner:
Wt(x) - This is total tonnes for each
component delivered for the period as
determined by last value in b) above.
tWt = Total tonnes of gas delivered

during period or
MF for the entire period

Wt(x) % = Wt(x) x 100
tWt

This Wt(x) % is then the weighted wt %
for each component x.
This Wt(x) % will then be normalized as
required and will be the value for each
component needed for allocation. After
this value is stored the component Wt(x)
for each component will be zeroed and the
process begun again.
The Wt % determined in this manner will
be compared to the Wt % determined from
the analysis of the composite sample
analyzed at the onshore laboratory.

The allowable deviation that can be tolerated
between these two analysis has not been found in
any published standards. Because of this we propose
to gather statistical data during a 6 month period.
At the end of this period we will use this data to
evaluate the acceptance of the deviation by
comparison within agreed limits which will be
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Weekly Checks
Each Monday (or more often if required), a spot
sample would be taken and analyzed in the offshore
Lab. and compared to the in1ine GC results. If
these results are over the agreed limits used for
acceptance in Stage III the back up procedure for
spot sampling in Section 3,1,3 of "Samp1ing and
Analysis Procedures for Gas Sales from the
Statfjord Unit"· will be followed. This procedure
shall be continued as long as the GC is unavailable
or giving bad results. If this period persists for
a long time the proportional sampler will be put
back into service to avoid taking a large number of
spot samples.
Six Monthly Checks
In addition, for a period of two years after the GC
is approved, or longer if required, the proportional
sampler will be used for two weeks every six months
and these results compared in the same manner as
the results from the inline GC. These results must
be within the limits agreed to in Stage III. If the
GC should fail to remain within these limits during
those tests and no reasonable explanation can be
found, the proportional sampler would continue to
be used until the error is corrected.

agreed prior to Stage III (if none has been found
in the literature by start of this stage). At the
end of this final test period we hope to have
proved that the inline GC can be used for
allocation within the Statfjord Unit.

7.2 Additional Operational Checks once inline GC is approved
We have developed a Maintenance and an Operations Manual for
the inline GC. Both of these manuals will be used during the
test and after approval. In order to ensure the continued
proper operations of the system after the test the following
procedure will also be followed.

If you are considering the use of offshore in1ine gas
chromatographs for allocation accounting pay very close attention
to the design and installation of your sampling system.
Of equal importance is the quality and experiences of the staff
you will use to operate and maintain the systems.
If both of the above are properly addressed you will stand a good
chance of having a reliable system which could be used for
allocation accounting.

7.2.1

7.2.2

8.0 Conclusion
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Nitrogen
Carbon Dioxide
Methane
Ethane
Propane
Iso Butane
Normal Butane
Iso Pentane
Normal Pentane
Normal Hexane

Mol%
0.5
0.5

79.0
10.0
6.0
0.5
2.0
0.5
0.5
0.5

TABLE I
CALIBRATION GAS MIX. FOR STATFJORD CHRO~~TOGRAPHS

Total 100.0

Methane within 2.0% of 79.0%.
Remainder within 5.0% of stated figure.
Gas contains no impurities.
Cylinder volume - 10 litres.
The above analysis is certified by an approved third party·laboratory.
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Cost of transportation of cylinders from
platform to KArst0 and return 228,000 NOK/yr

TABLE III

COST OF GAS SAMPLING BY CYLINDERS

Cost of 6 month and yearly inspection of
cylinders 300,000 NOK/yr

Cost of running analysis 240,000 NOK/yr

Cylinder replacement 8 cylinders/yr
(Based on past experience) 280,000 NOK/yr

Total 1,048,000 NOK/yr
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TABLE II

CHROMATOGRAPH ANALYSIS LIMITS

Mol % Mol %
Com(!onent Low Limit U(!~er Limit
C1 72.00 77.00
C2 10.50 13.00
C3 7.00 9.50
IC4 0.60 1.10
NC4 1.75 2.75
IC5 0.25 0.65
NC5 0.25 0.65
C6+ 0.20 0.70
CO2 0.30 0.80
N2 0.30 0.80

GGB02.931 18
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THE CERTIFICATION OF TEST GASES

T Nilsen, Norsk Hydro, Norway

INTRODUCTION

The marked for calibration gases have increased considerably
during the last years, partly because of better instrumental
analysis methods.

The new methods:

_ Have replaced manual methods of chemical analysis.
_ Are used for control of the ambient air within and out-

side the chemical works.
_ will detect components which were not detectable some

years ago (for instanse sulfur containing components).
- Are more precise and selective.

The limit of uncertainty has been lowered, due to economic
demands. It is thus of importance to:

Obtain maximum production.
- Obtain the optimal efficiency.
- Calculate heat values.

A calibration gas is a homogeneous mixture, consisting of one
or more components, qualitatively and quantitatively deter-
mined. The accuracy of concentration is given for each compo-
nent.
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- The method of mixture preparation.
- Concentration (mole %, volume %or weight %).
- Relative uncertainty of the value of concentration, for

each component bC/C.
The original pressure of the gas in the cylinder.

- Dew point temperature, which means at what temperature
liquid is formed.

- Lowest utilization pressure.
The period of time the mixture is guaranteed.

A calibration gas mixture may contain as many as 20-25 compo-
nents, depending on the necessity of accurate analysis.

All information concerning the actual mixture is given in the
certificate of analysis. The certificate contains:

PRODUCTION OF CALIBRATION GASES

A stable calibration gas mixture in one selected type of cy-
linder, can be highly unstable if the mixture is filled into
another cylinder with different type of material. By choosing
unsuitable cylinder-material chemical reactions can occur
between a single gas component and the cylinder-material, or
the cylinder-material may act as a catalyst and the gas compo-
nents may react.

Therefore the certification of a calibration gas is started by
choosing the correct cylinder and cylinder valve. The cylin-
der material shall not react with any component, or the reac-
tion shall be so slow that the concentration of the components
shall be within the limits ± bC in the period of guarantee.
To achieve good results, it is neccessary to passivate or
treat the inner surface of the cylinder in special ways, -
most important for corrosive components in the low ppm-range.

Note: The stability of a calibration gas mixture must be con-
firmed through time related stability tests of the cali-
bration gas mixture in question.
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CALCULATION OF PRODUCTION PARAMETRES

For mixtures containing condensable components, it is neces-
sary to perform a dew point calculation.

Based on the calculated pressure with for instance dew point
+ 10 °C, 0 °C and other temperatures a filling procedure can
be established.

Depending on requirement to accuracy in concentration, and the
composition of the mixture, the filling method has to be de-
fined and selected.

The filling methods are as described in the following "
ISO-documents.

ISO 6146 Gas Analysis-Calibration gas mixtures- Preparation by
manometric methods

ISO 6144 Gas analysis - Preparation of calibration gas mix-
tures - static volumetric methods."

ISO 6142 Gas analysis - preparation of calibration gas mix-
tures - weighing methods.

The weighing-method gives the possibility of preparation of
calibration gas-mixtures for which the accuracy of the consen-
tration of each component is better than 1%. The method is
applicable only to gaseous components which do not reach be-
tween themselves or with the cylinder-walls, and to totally
vaporized components if they are condensable.

To produce low-concentration mixtures is it possible to make a
single or multidilution.

Calibration gas mixtures can be produced by using NBS trace-
able "S" serie weights.
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Gravimetric prepared calibrationgas-mixtures are so-called
primary calibration gas-mixtures, since it is directly related
to the measurement of basic standards (such as mass, length,
etc.)

Mixtures prepared by manometric method must be analyzed
against a primary standard, and can be certified as a second-
ary calibration mixtures.

When producing calibration gas mixtures, it is only allowed to
use high purity, preanalyzed starting components.

BOMOGENISATION OF A MIXTURE

Prior to use of a calibrationgas-mizture, we have to be sure
that the mixture is homogeneous. If a gas-cylinder after fil-
ling is allowed to be kept stationary and undisturbed, many
weeks may expire before the calibration-gas is completely
mixed.

The homogenization procedure is accelerated by the use of a
mechanical cylinder roller.

Laboratory tests have shown when the gas-mixture is homoge-
nous, it will remain in the state, unless liquid is formed due
to low temperature.

ERROR CALCULATION

The accuracy of the weighing-system is estimated, to calculate
the error involved in the weighing operation.

The purity of liquids and gases, and their content of other
components is taken into consideration (Example 1).

For the mixture previous shown, it should be possible to pre-
pare accurate concentration better than 0,5% relative for all
components (the result is based on use of the weighing system

4
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previous shown:

1. Voland weight and s-series weights.
2. One skilled operator.
3. preana1ysed high purity gases and liquids.
4. Use of clean and polished gas cylinders.

CERTIFICATION

All calibrationgas-mixtures are analyzed before certification.
For the gravimetric prepared (not reactive) calibration gas
mixture, this is done to make valid that the weighing system
functions correctly.

For manometric or volumetric prepared blends, or calibration
gas containing reactive components, the certificate has to be
based on the results of analyses.
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Introduction

Use of Test Gases - 2 -

I have been asked to talk about the certification and use of
test gases. Nith Torbj0rn Nilsen talking about production
and certification of test gases, I shall try to talk about
test gases from the viewpoint of the user, as well as my
experience as an analyst with test gases.
I shall not talk very much about certification, because
the most accurate test gas that can be produced is a gas
that has been prepared by the gravimetric method. There
is no way to add accuracy to such a gas by analysis, the
only thing that can be added is confidence. Of course
it is possible to certify a gas by analysis, but the use
of this gas will be limited to places where less than the
best accuracy is acceptable.
I have relied rather heavily on the Gas Quality conference
(1) that was held in·April this year in Groningen because
test gases and gas quality are closely connected. Actually
whenever a quality parameter is measured, test gases have
been used at some stage or another in the measuring pro-
cess. A quality parameter is a parameter that depends on the
composition of natural gas.
By test gases is here meant synthetic natural gas mixtures
that could be used for gas chromatographic analysis of the
main constituents in natural gas. Trace components like wa-
ter and sulphur compounds are important in gas.quality spe-
cification, but their analysis is very specialised. Besides
there are several independent methods for the analysis of
most of the trace components and some of these methods do
not need test gases for calibration.
Why is it we use test gases? Well, it is primarily because
some measurements can only give quantitative results by ca-
libration with gases of known composition. Furthermore test
gases are needed as part of the quality assurance program as
a convenient way of convincing oneself and others that the
measurements are as accurate as they can possibly be.
In order to get some perspective I have made this simpli-
fied picture of the natural gas world. There is a gas reser-
voir with a pipeline to a processing unit, that removes un-
wanted components, like water and condensate. Another pipe-
line brings the gas to the distribution system, where it
again may be processed, odorised for instance. Finally the
distribution system brings the gas to the end user, who will
typically burn it.



The natural gas world. C.T.: possible custody
transfer points.

At several points in the system there may be cust.ody trans-
fer. Whenever there is custody transfer two questions must
be answered: How much gas is there? and How good is it?

The answer to "how much" is generally expressed in cubic
meters at some reference pressure and temperature. The
answer to "how good" is primarily a statement of calorific
value, but may also refer to the absense or low level of
for instance sulphur compounds.

There is a desire from all parties involved that the proper-
ties are measured precisely and with a negligible bias.

The measurements may be absolute or relative. An absolute
measurement is a measurement with an unbroken line of tra-
ceability to the fundamental units of mass, length, current
or time. A relative measurement lacks one or more links
in the traceability train (2).

The gaps in the traceability train for relative measurements
may conveniently be overcome through the use of calibration
standards which for our purposes means test gases.

While absolute measurements are more simple to understand ,
the relative measurements may be much more feasible, faster
and even more accurate. Let me illustrate this postulate
by two ways of measuring the density of natural gas. Density
is by definition the mass of a unit volume of a substance.
Thus the density may be found by weighing a known volume
of natural gas at a given pressure and temperature in a sui-
table container. This is an absolute measurement, but it is
not feasible outside a laboratory. Instead the choice can be
to use a density transducer, which has to be calibrated with
test gases.

PROCESSING

---C.T.

Measurements on natural gas.

Use of Test Gases
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Gas chromatography
A gas chromatographic analysis is a relative measurement, so
the analysis will have an uncertainty that is a combination
of the uncertainty in the reference gas used and the preci-
sion of the equipment. Error in the composition of the
reference gas will be a major source of bias in the measu-
rement.
In view of its importance I have allowed myself to repeat
for you some of the properties of gas chromatography.

Elements of a gas chromatograph
Carrier gas
Sample size
Column
Column oven

"Detector

The carrier gas brings a portion of the sample to be analy-
sed to the separating column, where the different compounds
are delayed more or less so that groups of compounds will
reach the detector at different times. With gas chromato-
graphy of complex mixtures like natural gas it is important
to know before an analysis is made, which compounds the
sample should be analysed for and what the expected concen-
trations are.
Each choice of element in the system optimises analysis
of some compounds while others may not at all be detected.
The carrier gas most often" used is helium, and it is excel-
lent for the purpose except for analysis of helium or hydro-
gen contents. The sample size is choosen with respect to
the expected concentration of the compounds of interest:
small samples are used for compounds in the percentage level
larger samples for compounds in ppm level, with a compromise
when the ppm compound elutes close to a percentage compound.
The heart of the system is the separating column. The sepa-
ration depends on the temperature, the length of the column
and type and amount of adsorbent or coating. In general
low boiling compounds need long columns and 10\>1 temperatures
to be separated while high boiling compounds need shorter
columns and high temperatures to pass the column in a reaso-
nable time. By use of column switching with different co-
lumns and eventually temperature programming it is possible
to overcome some of the conflicts. Columns switching causes
pressure pulses and may influence the quantification of
peaks eluting shortly after.
There are two detectors commonly used for natural gas analy-
sis: the thermal conductivity detector, the TCD, and the
flame ionisation detector, the FlO. The TCD is a robust
generally useful detector, that responds to anything with
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thermal conductivity different from the carrier gas. Except
hydrogen everything else has significantly lower thermal
conductivity than helium, which makes helium an-ideal car-
rier to use with a Teo, unless helium or hydrogen should be
analysed.
FID~s are sensitive to essentially all organic compounds
and it is orders of magnitude more sensitive to the higher
hydrocarbons than the Teo.
Besides these two general purpose detectors there are selec-
tive detectors of which the flame photometric sulphur detec-
tor is the more common in natural gas analysis.
No matter which detector its response is compound dependent
and to get quantitative results it is necessary to use a ca-
libration gas mixture to establish the response factors that
shall be used to convert the peak areas to concentrations.
Moreover it is essent.ial to treat the calibration gas exact-
ly as the samples are treated, so that the peak shape of
each component is the same in both cases.
It is common to use a single calibration gas mixture and as-
sume linearity. Some possible errors in this assumpzLon are
illustrated here.

RESPONSE THEORY
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CAL. CONCENTRATION
Instrument response as function of concentration of
a single component. Dotted lines represent possible
deviations from preferred behavoir.
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The curved line demonstrates the effects of a saturation
phenomenon of the detector. This will primarily happen
at high concentrations of the component. The other line
has a nonzero intercept due to interference from another
component. Such interferences can happen when there is
not complete separation of the components. It was mentioned

at the Gas Quality conference that one should always deter-
mine the full linearity curve for all components. This is a
very idealistic approach, and besides being very time consu-
ming, it is not necessary, when one deals with natural gas
of pipeline quality. However it will always be wise to have
at least two checkpoints to cover the gas compositions that
are likely to occur. .

Natural gas ana1ysis.
There are several standards (for instance ref. 3,4) for the
analysis of natural gas by gas chromatography. They mainly
focus on the analysis of compounds of influence on the calo-
rific value. These are the compounds normally found in cali-
bration gases, and the methods of the standards may therefo-
re be used for certification and verification of gas mixtu-
res.
Certification means here that the resulting certificate
will contain the "true" concentrations of the constituents.
Verification similiarly means that the "true" values from a
supplier are confirmed by the analysis.
Verification may be performed on a typical natural gas
analyser, that can analyse for all the compounds in the cer-
tificate, or all except one. The verification should always
be done as part of the reception procedure for a new test
gas.
There have been two schools for calibration one preferring
binary mixtures the other multicomponent mixtures. At the
Gas Quality conference Rhoderick and Hughes from NBS presen-
ted a lecture on the subject and concluded that there was no
difference in accuracy between the two methods (5). Further
when there is column switching the multicomponent mixture is
a must besides being much more convenient.
Natural gas analysis is probably the only analysis, where
one tries to quantify the main component directly as well as
all the "impurities". The result is, of course, that the
analysis does not sum up to 100 %. To help this one can nor-
malise the results - ISO 6974 allows normalisation when the
sum is between 99 and 101 %. Another way is to quantify
the methane by difference. In either case the difference to
100 % ends in the methane concentration. Normally this
difference is caused by the repeatability of the instru-
ment, but it may also hide the existance of some component
not analysed for.

Use of Test Gases - 6 -
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Can test gases be trusted?

In general the answer is yes, no matter who is the supplier,
be it a commercial company or some official authority.
The latter by definition must be trusted, but anyway, humans
are involved in the preparation of the gas and the writing
of the cetificate. Thus there is always a finite risk that
the gas at hand is the one that is off specification. This
is the reason a test gas always should be verified before .
it is taken into use. Bearing in mind that the test gas
essentially controls the bias of the measurement, the ef-
forts of verifying it are small compared to the inconvenien-
ces an erroneus tast gas will cause.

A few years ago the BCR arranged an intercomparision of
reference gas mixtures for natural gas (6). Some 16 partici-
pants each prepared up to three different gas mixtures of
three nominal compositions. Each group of mixture was then
analysed by 3 to 4 laboratories. The conclusions from this
exercise were that :

(i) The gravimetric methods for preparing gas mixtures,
if they are carefully applied, allow to prepare mixtu-
res of sufficient accuracy.

(ii) The major source of error seems to be impurities in
the primary gases used for the mixture.

(iii) The main source of error in analysis was the differen-
ces in accuracy of the analytical procedure of the la-
boratories.

Among the impurities found were hydrogen and ethylene.
Both are impurities commonly found in gases prepared from
refinery gases.

Roughly half of the participants were compressed gas produ-
cers, three were independent or governmental laboratories
and the remainder were natural gas companies.

My own experience with test gases is limited to around 20
different primary mixtures, and as I mentioned, generally
the test gases are as good as they claim to be. This does
not mean that I have not seen gases with impurities, on the
contrary I can show you this chromatogram which shows traces
of ethylene. However, even with the impurities the concen-
trations of most components have been within the experimen-
tal error from the certified values, with discrepancies
mainly for the pentanes, that were present in the 0.1 mole'
level. Further I have had the pleasure to find that one
company, which previously had delivered test gases contai-
ning ethylene, now is aware of the problem and uses clean
primary gases.



Example of chromatogram of a test gas with ethylene
at a level of 0.1 mole %.
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p-V-T Properties of Natural Gas at Temperatures
between 270 K and 300 K and Pressures of up to 6 MPa

R. WeiB
Physikalisch-Technische Bundesanstalt,

D-3300 Braunschweig, Federal Republic of Germany

Introduction
There are two reasons why the knowledge of reliable values of the ther-
mal variables of state of natural gas, i.e. pressure, density and tem-
perature, is of significance. On the one hand, these data are required
to judge the quality of methods applied for the computation of variab-
les of state as they are, for instance, used in the charging of thermal
gases. On the other hand, they are necessary to check methods for the
measurement of the gas density which are often based on the calibration
with pure gases of known density. Owing to the different thermodynamic
properties of the gas to be measured and the gas used for calibration,
the density values read may be affected by errors.
A thermodynamic state in the single-phase region of a fluid is defined
by the related values of pressure p, temperature T and density p. In
experiments, two variables of state are therefore given and the third
variable, which is established in the state of equilibrium, is measured.
Various experimental methods result from this. A given gas quantity ;s
filled into a measuring vessel and its temperature or volume is changed
so that different states of the gas are obtained. The method applied at
the Physikal;sch-Technische Bundesanstalt for measuring the thermal
variables of state of gas mixtures combines the gravimetric density
determination with the isothermal determination of the compressibility
factor by the Burnett method. States in the vicinity of the two-phase
region are obtained by quasi-isothermal cooling, starting from a tem-
perature of 50°C. During the test series, the density of the gas re-
mains almost constant, the temperature is given and the resulting
pressure measured. "

Experimental procedure
The experimental apparatus is schematically shown in Fig.I. It essen-
tially consists of three pressure vessels connected in series, the
thermostat, and devices for measuring pressure and temperature. The
pressure is measured by means of a piston gauge. The diaphragm of a
differential manometer, which is located in an agitated water bath,
serves as null indicator" of the constant volume pressure tap. As pressure
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transmission medium between diaphragm and piston gauge, nitrogen is
used whose pressure can be controlled with the aid of an oil injector
and acts on an oil column connected with the piston "gauge. The sensiti-
vity of the differential manometer is higher than of the piston gauge
so that the uncertainty of the pressure measurement is not influenced
by the pressure being tapped via the diaphragm. From the force due to
gravity, the effective cross section of the piston and the barometer
reading - taking the difference of altitude into account - the4pressure
is determined with a relative uncertainty of less than 1 . 10- .

Fig.l: Apparatus for p-V-T measurements
The temperature of the controlled thennostat, which houses the pressure
vessels and the diaphragm, is measured with two platinum resistance
thennometers (R = 25 ohms) and a resistance bridge. Prior to each mea-
surements, the °temperature is kept constant to 10 mK for at least one
hour so that thermal equilibrium is established between the fluid under
study and the thermostat bath.
The sample volume and the volume of the pyknometer were determined
several times using distilled water which had been carefully degassed.
At zero pressure and at t = 20 °e, the pyknometer volume
Vo k(20 °e) = 720,72 cm3 °and the cylindrical sample volume
Vo'z(20 °e) = 166,44 cm3• The pressure and temperature dependence of

, the volumes is allowed for by the linear equation
(1)

where Vo(to) is the volume at zero pressure at the temperature to and
Po the atmospheric pressure. For the pyknometer, the coefficient
of thermal expansion a and the pressure coefficient B have the values
ak = 47 . 10-6 K-1 and Bk = 2.31 '10-4 MPa-1, respectively, whereas the
values are az = 49.5 -10-6 K-1 and az = 1.6 . 10-5 MPa-1, respectively,



Following the quasi-isochoric test run, an expansion run can be carried
out. The compressibility factor Z., after the j-th expansion, results
from eq. (2) • j J .

p. . T 1 + alP· + a2P·2Z. = J • NJ J J
J p R T (/) 1 + blP' 1 + b2P~ 1o J- J-i=l

(2)
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for the sample _4volume. The relative uncertainty of the volume valuesamounts to 5 10 at most.
For isothermal expansion measurements, the gas from the sample volume
is expanded into the expansion volume. The zero pressure cell constantVO + VO
N GO = 1 Va 2 was determined at temperatures of 20°C, 30 °C and 50°C

1
from expansion runs with helium, whose volumetric behaviour is very
exactly known. The mean value N~ = 1.39000.
Prior to filling the pressure4vessels, the apparatus is evacuated down
to a final pressure p < 10- Pa using the turbomolecular pump connec-
ted with them. When gas mixtures are investigated, the temperature of
the pressure vessels and of the gas supply are regulated to about 50°C
in order to achieve sufficient homogeneity. Heating of the connecting
line is to prevent individual mixture components from accumulating at
the surface of the filling line. After the pressure vessels have been
rinsed several times, the main valve is closed and the thermostat tem-
perature decreased to 20 °C.
During pressure measurement, the valves between pyknometer and sample
volume are almost closed so that the pressure change due to the final
closing of the connecting valves is negligibly small.
The mass of the gas confined in the sample volume results from the
difference in mass of the filled and the evacuated pyknometer divided
by the volume ratio of the pressure vessels at the temperature at whichthe valves were closed.
First a quasi-isochoric run is carried out. For this purpose, the ther-
mostat temperature is usually varied in steps of 5 °C and the respective
values of temperature and pressure are measured.
The uncertainty of the variables of state found results from the uncer-
tainties by which the measurements of the temperature, the pressure,
the volumes and the mass of the gas contained in them in affected.5The
relative uncertainty of the temperatur~4 measurement is 3. 10- ,
that of the pressure measurement 1 . 10 at most. The volume values
and the values of4the masses of confined3gas are affected by an uncer-
tainty of 5 . 10- and less than 1 . 10- , respectively.
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Fig.2: P5T diagram for methane and
natural gas with isochores
in the gaseous region
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p. is the pressure prevailing after the j-th expansion. The constants a1arld b resul t from the pressure distortion coefficients of the sample
volumes1and the pyknometer; the constants a2 and b2 were obtained
from the non-linear regression of the measurements executed with helium
to determine the constant of the apparatus. With this method, the so-
called "run constant" of the expansion run Zo/P = p ~T can be obtained

o
by regression. When 'the density is measured with the pyknometer, the
constant results directly from the gravimetrically determined density.
On the one hand, the combination of the measurement methods makes use
of the advantage offered by the method of constant volume which lies in
the fact that the sensitivity ;s the same over the whole pressure range.
The quantity of gas required becomes the greater, the higher the pres-
sure becomes. A disadvantage of this method is the high expenditure of
time which ;s due to the fact that for each filling, the mass of the
filled-in gas must be determined.
By the expansion method according to Burnett, a larger number of p-V-T
data are obtained in the same period of time, as this method basically
requires neither the determination of the volume nor that of the mass,
but only pressure measurements along an isotherm. This method is, how-
ever, only suitable for measurements in the gaseous region.

100 100

T--_
240 280 K 320
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Attention must be paid to the fact that the distance between the iso-
therm and the two-phase region is sufficiently large so that condensa-
tion phenomena during expansion are definitely excluded. Whereas in the
case of methane - the main component of natural gases - the region
which is of interest here is situated at a clear distance from the
two-phase region~ with Ekofisk natural gas samples the condensation
limit is almost reached for densities of more than 30 kg/m3 and at
temperatures below 270 K. Fig.2 shows a comparison of the p,T diagrams
for methane and for a natural gas sample from the Ekofisk field situa-
ted in the North Sea. The isochores in the gaseous region for densities
from 10 kg/m3 to 50 kg/m3 have been entered. The plotted dew line of
natural gas was experimentally determined by means of a dew point
measuring instrument.
When the results of the expansion measurements are evaluated it should
be borne in mind that for the computation of the compressibility factors
Z., the uncertainty of the compressibility factors increases with rising

Jpressures because the uncertainties of all compressibility factors at
the lower pressures enter into,the computation.

Experimental results
In order to check the experimental apparatus, initial measurements were
carried out with a pure gas whose variables of state in the envisaged
pressure and temperature range were well known. In view of the fact that
tests with natural gas were to be carried out, methane, the main compo-
nent of natural gases, was chosen for these preliminary tests. The mole
fraction of the_6impurities of the methane used for the experiments was
less than 5· 10 •
In Fig.3, the variables of state measured are compared with values
computed with the aid of three equations of state for methane / 1, 2,
3 I. In the figure, the relative deviations between measured and compu-
ted pressures have been plotted against the temperatyre for densities
from 10 kg/m3 to 40 kg/m3• With the exception of the IUPAC values at
the highest density measured, the equations of state represent the
measured values within the uncertainty of measurement. Here the devia-
tions of the IUPAC tables from the measured values are by about-O.l %
higher than those of the equations of state of Sievers et ale and
Kleinrahm et al.
The two natural gas samples investigated stem from the Ekofisk field in
the North Sea. They were taken from the natural gas pipeline at an
interval of three years and differ above all in the mole fractions of
methane and ethane. The results of the analyses a-re given in Table 1.
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Tab 1e 1: Composition of the investigated natural gas samples fromthe Ekofisk field

Component Mole fraction in %

Sample 1 Sample 2

CH4 84.47 83.48
C2H6 8.86 9.47
C3H8 3.18 3.62
CO2 1.85 1.80
N~ 0.43 0.53
C4 1.21 1.10
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The volumetric behaviour of the Ekofisk natural gas sample 1 was also
investigated by Achtermann et al. I 4, 5 / at the Institute of Thenno-
dynamics of the Hannover University. Two different"methods were applied
- on the one hand the refractive index measurement and on the other
hand, the measurement of the expansion behaviour (Burnett meth8d). The
variables of state determined" by the two methods agree to 0.5 loa. The
authors state the relative uncertainty of the measurements to be 1 0/00•

In order to allow the p-p-T values measured with the isochore apparatus
to be compared with the variables of state determined by Achtermann
et al., the measured values must be represented by a correlation equa-
tion.

Representation of the measured values by a virial eguation
A virial equation terminated after the third coefficient has proved to
be suitable for representing our measurement results / 6 I:

6 6
B .. L L Bq(n"JGXj

I·, i-I
(4)

(5 )

with R = general gas constant, M = molar mass, B = second and C = third
virial coefficient of the mixture, xi = mole fraction of the i-th compo-
nent.
To limit the number of constants in the equation, only six components
of the mixture were allowed for, i.e. methane, ethane, propane, carbon
dioxide and nitrogen; the higher hydrocarbons were combined and treated
like n-butane. The virial coefficients of methane were computed accor-
ding to the equations stated by Sievers and Schulz / 2 It those of
ethane which, with a mole fraction of almost 10 %, is the most impor-
tant SUb-component of the Ekofisk natural gas, according to the equa-
tions given by Goodwin et al. I 7 I. The remaining virial coefficients
of the other components and the mixed coefficients were taken from ~he
book by Dymond and Smith 18/ and approximated by a parabolic fit in
the temperature range from 270 K to 300 K if sufficient data had been
indicated.
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If on the basis of two given variables of state the third variable is
to be computed by means of the virial equation, in addition to the
virial coefficients of the mixture, the molar mass M must be known.
M can, for example. be computed from the complete analysis or from the
density and the compressibility factor in standard state.
In order to achieve optimum adaptation to the measured values, M was
varied for both natural gas samples until the standard deviation bet-
ween measured and computed pressure values was minimum. For sample 1
with the lower ethane content. the relative deviatio~6be~ween the ~e~-
sured and computed values is on an average -5· 10 wlth an emplrlc
standard deviation of 6.7· 10-4. As can seen in Fig.4, all values are
within the 1 /00 limit, i.e. the measured values are represented by
the set-up equation of state within the scope of the uncertainty ofmeasurement.

3 .

~ I ~Natural gas (EKOFfSK Nr. 119130 l I
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Fig.4: Comparison of the viria1
equation of state with
experimental results on
natural gas

Fig.5: Comparison of the virial
equation of state with
experimental results from
Achtermann et a1. / 4, 5 /

After a suitable and simple equation of state had been formed which re-
presents the measured values within the scope of the uncertainty of
measurement, a direct comparison with the results obtained by the
Burnett method and the optical method could be made. In Fig.5, the re-
lative deviations of the pressures measured by Achtermann et a1. / 4,
5 /, from the pressures computed by means of the virial equation have
been plotted against the density. For 36 values from the density region
between 20 kg/m3 and 50 kg/m3 and at the temperatures Q4°C. 10°C and
20 °C, the mean relative deviation is 5.2· 10 with an empi-
ric standard deviation of 8.5 . 10-4. The deviations are greatest
with respect to the variables of state determined at 0 °C by the optical
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method; however, tgese valuest too, do not exceed 2 0/00. The other
values agree to 1 /00, i.e. within the scope of thef r relative uncer-
tainty of measurement. The results prove that with the experimental
method applied by us, reliable variables of state can also be deter-
mined for mUlti-component natural gases in a region which almost ex-
tends up to the dew line.

Application of the virial equation to other results
The simple equation of state set up by us in the form of a virial state-
ment terminated after the third coefficient has proved its worth for
the description of the volumetric behaviour of the Ekofisk natural gas
samples investigated. It therefore seemed appropriate to check, whether
this equation also furnishes comparably good results for other gas mix-
tures of similar composition.

In Fig.6, the relative deviations of the pressures computed with the
virial equationt from measurement values taken from the literature
/ 4, 5 / are plotted against the density for the temperatures 0 °e,
10°C and 20 °C. The composition of the natural gas samples are given
in Table 2.

-1

1 lenp
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x 273.15 K
-2 0 2B].15K -----~~_l

o Z93.15K

-] L--_-'--_--'---_----L_--'- _ __:___'
~o 60 BO kgJrril 100
Q--

Fig.6: Compari'son of the virial
equation of state with
experimental results on
natural gas
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Table 2: Composition of natural gas samples

Mole fraction in %
Component USSR Tenp Epe

CH4 93.53 85.27 85.50
C2H6 1.88 5.40 8.06
C3H8 0.49 1.59 2.86
CO2 0.23 1.46 1.86
N~ 1.61 5.68 0.61
C4 0.26 0.70 1.11

Standard density
in kg/m3 0.7541 0.8346 0.8531

Gross calorific value
in MJ/m3 40.249 40.287 44.100

For the USSR natural gas, the representation quality is very good over
the whole density range; the relative deviations bscome greater with
increasing density, however, they do not exceed 2 100. The same trend
can be observed with the Tenp natural gas; for this natural gas, too,
the virial equation gives a good description ofothe volumetric behaviour.
The relative deviations remain smaller than 2 100 up to a density of
60 kg/m3• In the range of low pressures, the Epe natural gas shows a
behaviour similar to that of the USSR natural gas, i.e. the relative
deviations slightly increase with density. At a density of about
40 kg/m3, this trend is reversed, the curves now drop with incrsasing
density; at 80 kg/m3 the relative deviations amount to up to 2 100.

In future, methods as the one described here for computing the gas
density from analytical data and measured pressure and temperature
values will gain in importance to the extent as reliable, automatic
analyzers will be available.

Investigations into the adsorption behaviour of natural gas
The adsorption of the fluid to be measured on the walls of the pressure
vessels may falsify the results of p-V-T measurements. When the gas
density is determined by weighing a known volume, the adsorption of the
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gas molecules at the walls leads to a decrease in pressure. When the
measurement is carried out by the method of constant volume, the mass
of the adsorbed gas may change as a function of temperature and pres-
sure, i.e. the prerequisite of constant density is not guaranteed. The
isothermal determination by the Burnett method can only by applied if
the adsorption effects of the fluid to be measured can be neglected.
As the expansion volume is evacuated after each expansion, only a small
portion of the adsorbed gas molecules is left on the walls. After ex-
pansion, part of the gas "disappears" due to new adsorption. This falsi-
fication of the measured values becomes greater when the number of ex-
pansions increases. As so far no details of the adsorption behaviour of
natural gas on metal surfaces are to be found in the literature, we
carried out some orientating measurements which allow the influence of
the adsorption effects on our p-V-T measurements to be estimated.

Experimental apparatus and carrying-out of the adsorption measurements
The experimental apparatus is schematically shown in Fig.7. The mass
of the adsorbed gas is determined6gravimetrically using a microbalance
with a sensitivity of 1 . 10- g for a maximum mass of 20 g.

Pislon
!/luge

Vacuum
system

Teslgos Cdibration
!JlS

Inermoslnt

Fig.7: Apparatus for adsorption measurements up to 10 MPa
As the adsorption effects are small, it must be ensured that the sample
has a highly specific surface. For this reason, only powdered samples
or foils can be used for the measurements. The counterweight should
consist of a sample of small surface, if possible of the same material.
For reasons of expediency, the buoyancy correctio~ should be determined
with a gas whose adsorption is negligible in the range, which is of
interest here, i.e. between 270 K and 300 K and at pressures up to
6 MPa, e.g. argon. For powdered samples, the surface effective during
adsorption can be estimated if the distribution of the grain diameters
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is known. The surface can be determined experimentally by applying the
BET theory to adsorption measurements with pure gases. According to the
literature, the uncertainty of the surface determined in this way is
10 % to 20 % / 9 /. The value of the surface on which our measurements
are based is the mean value of the BET surfaces determined with carbon
dioxide, propane and ethane. Depending on the size fraction, the sur-
face values of the powders investigated lay between 1 m2 and 3.5 m2•
When foil was investigated, only 1/10 of this surface could be placed
into the weighing crucible.

Results of the adsorption measurements
To date, three metal powders and one foil have been investigated, i.e.
titanium, iron and aluminium powder and ALFOL aluminium foil. With a
few exceptions the measurements were carried out at 0 °c and at pres-
sures of up to 3 MPa. Adsorbates were the natural gas components
methane, ethane, propane and carbon dioxide and two natural gas samples
whose composition is stated in Table 3.
Table 3: Composition of natural gas samples

Component Mole fraction in %

EKOFISK NAM + USSR

CH4 84.40 94.10
C2H6 8.87 1.49
C3H8 3.17 0.39
CO2 1.92 0.41
N~ 0.42 3.42
C4 1.22 0.19

Fig.8 shows typical adsorption isotherms by the example of the propane/
titanium adsorption system at the temperatures t = ° °C and t = 20°C.
Initially, the mass of adsorbed gas increases strongly, then rises
steadily, and finally increases strongly again when the saturation
pressure ;s approached. The desorption branch of the isotherms sligthly
offset in relation to the adsorption branch, is represented by broken
lines. This hysteresis phenomenon is frequently observed with adsorp-
tion effects. Dependent on the adsorption system it is more or less
pronounced. This is also reflected in Fig.9, where the adsorption of
methane is compared with the adsorption of the two natural gas samples
investigated, titanium powder being again used as adsorbent.
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Fig.8; Adsorption isotherms of
propane on titanium

Fig.9: Adsorption isotherms of
natural gas on titanium
at 0 °C

While the adsorption of methane on the surface of the titanium powder
is very low and practically no hysteresis phenomenon can be recognized
at the scale chosen, the natural gas samples are adsorbed to a much
greater extent. Although with 94.10 % of CH and 3.42 % of N, the
natural gas sample contains as much as 95.524% of gases, which2- being
pure gases - show only very low adsorption phenomena, 0.5 mg/m2 of
natural gas are adsorbed at 3 MPa. For the Ekofisk natural gas sample,
even twice the amount of adsorbed gas is measured.
Fig.10 shows the influence of the adsorbent. While the adsorption of
natural gas on titanium and iron powder is almost the same, the amount
adsorbed on aluminium is only approximately 1/3 of the value measured
for iron and titanium. This effect is less pronounced with Ekofisk
natural gas, as this gas contains larger quantities of higher hydro-
carbons. The adsorption behaviour of ethane and propane on iron and
titanium is approximately the same, and on aluminium, adsorption is
slightly lower. With methane and carbon dioxide, the differences are
clearly more pronounced; for carbon dioxide, the mass of the gas ad-
sorbed on aluminium is only about half the amount adsorbed on iron and
titanium.
In order to estimate the influence which the adsorption effects exert
on the p-V-T measurements, we formed the ratio of the mass of adsorbed
gas to the mass confined in the vessel. The volume of the pressure
vessel of V = 60 cm3 corresponds to the volume of the expansion vessel
used in the experiments. The surface of 85 cm2 follows from the cylin-
drical geometry of the vessel. The surface, which becomes effective
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during adsorption, depends on the surface treatment of the material and
may be substantially larger. Fig.11 shows the ratio for the adsorption
of Ekofisk natural gas on aluminium, iron and titanium. As can be seen,
in the range of lower pressures of up t251 MPa, the mass of adsorbed_5gas decreases rapidly from about 5 . 10 to values below 1 . 10
of the mass of gas contained in the vessel. Provided that the behaviour
of stainless steel surfaces does not differ substantially from that of
the metal surfaces investigated so far, it can be assumed on the basis
of the results on hand that the influence of the adsorption effects
remains by a factor of 10 smaller than the uncertainty of the p-V-T
measurements.

0.5
0.05

~ 1(;3

m1

0.4 0.04

1
0.3 1 0.03

~8,~
O,Z." 0.02

rf ~
Adsorbate: mtural gas (NAM'lJdSSR)

."

,= 0 "C
ef

0.1 0.01

0 a

, I
1 Adsorbate: natural gls (EKOFISK)
I,

'.0"(
/>\
1\
1\\,
~Fmum

\•\ ....~...-\~

'- "'--"""==: .................. _---
Alurnlllium ----+--- Titanium

p--- p----

Fig.l0: Adsorption isotherms of
natural gas on different
adsorbents

Fig.11: Effect of gas adsorption
on p-V-T measurements in
cylindrical pressure
vessels (V = 60 cm3,

S = 85 cm2)

Summary
The composition and thermal behaviour of natural gas may differ substan-
tially depending on the sources from which it has been lifted. Frequent-
ly a mixing with other gases takes place. The method applied for the
measurement of the thermal variables of state combines the gravimetric
determination of the density with the isothermal determination of the
compressibility factor by the Burnett method. States in the vicinity of
the two-phase region are obtained by quasi-isochoric cooling, starting
from a temperature of 50 ac. The measured p-V-T data can be represented
within the uncertainty of measurement by a simple virial equation of
state whose coefficients have not been adapted to the measured values.
There is also a good representation of the thermal variables of state



- 15 -

of various natural gas samples taken from the literature. In order to
allow the influence of the adsorption of the fluid to be measured on
the walls of the pressure vessels to be estimated~ the adsorption on
metal surfaces of natural gas and its main components was gravimetri-
cally investigated. The results obtained so far suggest that, in small 5
vessels, the portion of the mass of adsorbed gas does not exceed 5 10-
of the mass of gas contained in the vessel.
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VELOCITY OF SOUND EFFECT ON GAS DENSITY TRANSDUCERS - THE THEORY.
MEASUREMENT RESULTS AND METHODS OF CORRECTION

J. W. Stansfeld Solartron Transducers. Farnborough. Hampshire. England

SUMMARY

This paper describes the basic theory of the velocity of sound effect on vibrating cylinder
gasdensity transducers. Measurement results are presented which confirm this effect. With
this understanding the user is better able to select with confidence the most suitable correction
method for a particular application. It is also hoped that this understanding will help to focus
more emphasis on other application and installation details, thereby ensuring that the total
measurement task is adequately performed.

1 INTRODUCTION

Differential pressure and gasdensity are the two prime quantities which are required in order
to calculate the flow of gasthrough an orifice system. Gas density measurement is also of
considerable importance when metering high pressure gas using turbine or vortex shedding
meters.

Vibrating cylinder gasdensity transducers are now widely used for this service and when
correctly applied offer very high accuracy. In order to achieve these high accuracies, it is
important to consider a number of factors such as the performance of the prime calibration,
installation details like pressure and temperature equilibrium, the representation of the sample
gasand the systematic offsets due to temperature and the gas velocity of sound. Of these, the
most difficult to understand has been the velocity of sound effect. A lack of understanding
of this effect has, in a number of instances, led to bad practices and in consequence unnecess-
arily large measurement errors. This difficulty can give rise to conflict between the buyer and
seller of the gas and should therefore be avoided.

The problem is clearly in two parts. The first is quantifying the velocity of sound effect on
the sensor and the second is determining the actual velocity of sound of the calibration gas
and the user gas so that, if necessary, suitable corrections can be applied.

2 HISTORY

Vibrating cylinder gasdensity transducers were first introduced in 1968. Early evaluations by
Shell I I British Gas2 and later Sira 3 clearly identified calibration offsets when changing from
one gas type to another. Careful examination of this problem soon identified the velocity of
sound effect and resulted in the publication of a paper by Solartron 4 on this topic.
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This early work resulted in some design improvements for the vibrating cylinder and some
application recommendations to correct for this effect.

Much of this early work was confused by the difficulties of carrying out accurate calibrations
on gasesand gas mixtures and by the manner in which the accuracy of some of these instru-
ments were specified - for example, the use of 'percent full scale' against' percent reading'.
The velocity of sound effect is a 'percent reading' influence so becomes negligible at low
densities, against an accuracy which is specified with respect to a large full scale reading.

A dramatic demonstration of the velocity of sound effect occurs when measuring gasessuch as
ethylene through their critical region. Under these conditions there is a large change in the
velocity of sound at constant density for small changes in pressure and temperature. For this
reason much work has been concentrated in this area with impressive results. More recently,
and with respect to very high pressure natural gas measurement, Dantest " and Huhrqas " have
carried out extensive tests, the results of which are now published.

During the past fifteen years a great deal of work has been done both theoretically and experi-
mentally on the subject. Without exception this effort confirms the velocity of sound effect
and in consequence gives strong indications on how corrections can best be achieved.

3 THEORY

Most vibrating element density transducers work on the principle of a simple mass spring
system which is maintained in resonance by some electro-mechanical/electronic feedback
system.

Part of the fluid, whose density is to be measured, is carried "by or is in contact with the
vibrating element and in consequence forms part of the total massof the vibrating system.
As the density changes, the total mass changes and hence the resonating frequency changes.
This is simply illustrated by Figure 1 which shows the fluid within a container on the end
of a spring. In this illustration it is assumed that the fluid is oscillating in complete sympathy
with the container.

This assumption cannot be completely correct since the fluid is compressible and has a
finite velocity of sound.

.>__ .................n..n
Signal Out

Fig. 1 Simple schematic of resonant element density transducer
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A great deal of effort has gone into trying to understand and quantify the properties of a
fluid, and their affect on the resonating frequency. Some of this work is still classified as
confidential since its application is of significant benefit in the design optimisation of these
density transducers. However, the conclusions reached after similar research by other
interested parties confirm, without exception, the presence of a velocity of sound effect
which causes the transducer to over read for a reduction in the fluid velocity of sound.

In general the simple approaches to solving the problem are easy to understand but will not
yield accurate results. The more exact solutions are very complex but have been shown to be
accurate.

One very simple model is illustrated in Figure 2. Here the resonant element is shown as having
a mass of Ml and a stiffness of K l' The fluid within the container is shown as having two corn-
ponents, one of massM, is coupled rigidly to the container while the other of mass M3 is
coupled to the container by a stiffness K,. This stiffness term K2 is a very simple representation
of the properties of the fluid such as compressibility and velocity of sound.

Fig. 2 Simple representation of fluid effects

This is a classical description of a resonant system with two degrees of freedom for which the
solutions are illustrated in Figure 3.

t
f

f at zero
stiffness

At~K -0,.~
M,+M2

At K2~-:"":-::"""'__
,. I KI

~MI +1I2+M,

K,--------------------- -----~
f ~t infinite ~ -l L
stiffness /·1 I( ~:~~ng

Fig. 3 Solution of system illustrated in Figure 2
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For a fluid of very high velocity of sound the stiffness term K" is very large. As the velocity
of sound decreases so does the value of K:2 , and with it the resonant frequency. This trend
represents an increase in the value of the indicated density. As K:2 is reduced further a point
will be reached where the frequency offset changes from negative to positive. However, this
offset change occurs outside the operating range of the transducer.

For a more exact model it is necessary to consider the fluid motion within the sensor assembly
as defined by the classical wave equation. With reference to Figure 4 and with a fluid of
velocity c, the displacement y at a distance x from the bottom of the container is given by:

From this point the approaches of various theories differ. Some consider the Kinetic
Energy equations while others consider the pressure fields and consequential forces on the
vibrating element. In most casescertain assumptions are made in order to simplify the
mathematics. However, within these assumptions there is broad agreement between all the
methods.

The conclusion is that if a transducer has been calibrated with a gasof velocity of sound Cs
and then used with a gas of velocity of sound Cb, the true density will be given by:

= (1 + (fcJ)
PTrue Plnd 1 +(-fcJ - - - - - - - - - - 2

This characteristic is illustrated in Figure 5.

where:
PTrUfJ =

Pinel =
Cs =

Cb =
T =
K =

=
=

Fig. 4 Fluid motion within sensor

true density (kg/m3)

indicated density from calibration on gas of V.D.S (cs)

V.D.S. of calibration gas (rn/s)
V.D.S. of measured gas (m/s)
time period of density sensor (1lS)
density sensor V.C.S. constant
1.35 X 10' for 1794, 1797 and 7810 sensors
2.62 X 10' for 3092,3093 and 7811 sensors
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Fig. 5. Density offset due to velocity of sound effect

Note: For simplicity. this figure does not show the effects of changing Velocity of Sound
of the calibration gas itself.
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4 MEASUREMENT RESULTS

Early measurements of the velocity of sound effect were based on noting the difference
between calibrations performed on different gases. These calibrations used pressure and
temperature measurements on certified pure gaseswith the density calculated from the
standard gas tables. The results were good with respect to the limitations of the gas
quality and the gas tables. For applications where the calibration offset is not large, such
as for medium pressure natural gas measurement, these tests, supported by theory, were
considered adequate. .

For applications where large calibration offsets are expected, such as for ethylene in its
critical reqion, where the velocity of sound chances dramatically and is of a low value,
more comprehensive tests were considered necessary. Since accurate Pressure/Temperature/
Density tables for ethylene in its critical region are not available, it was necessary to deter-

. mine the density from highly accurate measurements of gasvolume and mass.

Two experiments were set up, one sponsored by Shell in the Netherlands and carried out
by the Dutch Weights and Measures Authority at Dordrect 7. The other was sponsored by
Solartron, BP and lei and carried out at the National Physical Laboratory (NPL)8 in
London. Both experiments used a pressure vessel which contained the ethylene gasand
embodied the density transducer. Although the two vesselsvaried in their construction
(Figures 6 and 7) the measurement principles applied were identical and the results were
in very close agreement.

Volume was determined by weighing the vesselsempty and then full of water. The pressure
and temperature coefficients were also establ ished. The vesselswere then charged with gas
and sealed. Gas density was determined by calculating the mass of the gas from the weighing
of the vessels full and the vessels empty and then dividing the difference by the already
established volume. Uncertainties of about 0.02% are claimed for this method. With the
vessels charged in this manner, the temperature and hence the pressure conditions may be
varied without changing the density, except as defined by the small pressure and temperature
coefficients of the vessels. In th is manner the performance of the density transducer can be
determined at several fixed and accurately defined densities and over the required pressure
and temperature ranges.

By performing these tests using argon and then ethylene, the differences can be quantified,
and then examined with respect to the expected velocity of sound offsets. The benefit of
this work is that some of the major systematic uncertainties of this measurement technique
such as the volume determination cancel out: Tables 1 and 2 list the results from the NPL
studies and they clearly show very good agreement, and that an instrument calibrated on
one gas will accurately measure the density of another gasafter correction for the velocity
of sound effect.

In recent years much experimental work has been carried out on the effects of natural gas
mixtures. Probably the most significant published work is that carried out by Huhrqas" and
Dantest ". Both of these reports clearly confirm the velocity of sound explanation for the
calibration offsets.

6
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Table 1 NPL argon results
T___

_TImo T_DonoIty Cole. DonoIty PCol-PT .... Vol. of Sound voa Cor. OoaoIty PVooIc« - PTNO
0fII0t

Cl"CJ CT~J IJIeIn>'J Ikg/m·' em'" Cl<g/ .. 'J Pp........,.,,·1 1·I~Dhn>i f!l.l i~~

II; 1028.422 399.70 399.70 0.00 376 399.63 -0.07 -0.02 -0.04

20 1028.266 399.64 399.56 0.01 378 399.61 -0.03 -0.01 -0.02

26 102B.0a8 399.38 399.38 0.00 382 399.38 0.00 0.00 0.00

30 1027.926 399.22 399.22 0.00 386 399.26 0.04 0.01 0.02

45 1027.634 398.00 398.86 -0.03 397 398.98 0.10 0.03 0.07

15 896.391 279.98 279.99 0.01 34Il 279.90 -0.08 -0.03 -<l.04

20 895.289 279.89 279.90 0.01 352 279.86 -0.03 -0.01 -<l.02

25 895.173 279.80 279.90 0.00 35e 279.80 0.00 0.00 0.00

30 1I!l6.041 279.70 279.69 -0.01 360 279.73 0.03 0.01 0.04

46 894.722 279.47 279.43 -0.04 371 279.58 0.11 -<l.04 0.D7

15 737.004 160.13 160.13 0.00 330 160.05 -O.OB -<l.05 -<l.05

20 737.794 160.07 160.07 0.00 333 160.03 -0.04 -<l.03 -<l.03

25 737.592 160.00 160.00 0.00 337 160.00 0.00 0.00 0.00

30 737.588 159.94 159.92 -0.02 340 159.95 0.01 0.01 0.01

45 737.340 159.Bl 159.75 -0.06 360 159.88 0.07 0.04 0.05

15 633.925 40.15 40.17 0.02 318 40.14 -O.Q1 -0.02 -<l.02

20 633.875 40.13 40.15 0.02 321 40.13 0.00 0.00 0.00

25 633.800 40.11 40.11 0.00 324 40.11 0.00 0.00 0.00

30 633.730 40.09 40.08 -0.01 327 40.10 0.01 0.02 0.02

45 633.513 40.05 39.97 -0.08 337 40.04 0.01 -0.02 -0.02
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Table 2 NPL ethylene results compared against argon calibration

T_.-.. _TIme TRIll DensIty Cole.DensIty Peol - IT.... Vol. of Iound VOS Cor. 00ftIIty PII04/"", -Ily",.
Offoot
/le",

IT"CI lIMO 1 tka/m' 1 IkgIm> J (kg/m' 1
( '" emltl I kg/m' 1 e ke/m' , I" I (" )

15 1027.146 399.07 398.47 -0.60 -0.15 644 399.52 0.55 0.14 0.04

20 1026.863 398.88 398.20 -0.68 -0.17 656 399.37 0.49 0.12 -0.01

26 1026.624 398.70 397.97 -0.73 -0.18 663 399.16 0.46 0.11 0.04

30 1026.385 398.51 397.74 -0.73 -0.18 674 398.94 0.43 0.11 0.05

46 1026.724 398.91 398.07 -0.84 -0.21 706 399.32 0.41 0.10 0.00

16 897.063 260.10 2Bl.39 1.29 0.46 311 2BO.Bl 0.71 0.26 0.12

20 896.634 280.01 280.94 0.93 0.33 320 279.56 0.46 0.16 0.02

25 896.140 279.90 280.61 0.71 0.26 329 280.29 0.39 0.14 0.00

30 l1li5.826 279.79 280.36 0.66 0.20 338 280.14 0.35 0.13 -0.03

45 1I!l5.197 279.56 279.82 0.27 0.10 3B9 279.95 0.40 0.14 -0.01

16 740.590 169.94 161.99 2.05 1.27 236 160.17 0.23 0.14 0.12

20 740.068 159.00 161.62 1.75 1.00 241 159.95 0.00 0.05 0.02

25 739.657 159.80 161.34 1.64 0.96 247 159.84 0.04 0.02 -0.03

30 139.292 159.72 161.09 1.37 0.85 263 159.74 0.02 0.01 -0.05

45 738.462 159.68 160.62 0.94 0.58 270 159.55 -0.03 -0.02 -<1.10

16 633.919 40.06 40.20 0.14 0.35 288 39.96 -0.10 -0.25 -0.22

20 633.867 40.03 40.14 0.11 0.28 291 39.93 -0.10 -<l.26 -0.24

26 533.773 40.00 40.1' 0.14 0.35 294 39.95 -0.06 -013 -<1.12

30 633.668 39.97 40.05 0.08 0.20 297 39.00 -0.09 -0.23 -<1.24

46 633.433 39.92 39.93 0.01 0.03 JOB 39.82 -0.10 -0.25 -0.22

* Taken from NPL results: Reference NPC 3/05 Page 5
Nota:
1.

z.
K factors are optimised for argon at 25"(:

(
'+...!5.... )

PVQS cPColl+(:~

K = 2.62 E4

c•..
Actual vas
Argon vas at 25 "C

3. ~ .. Pressure corrected density offset
0.00 17%/bar from argon pressure at 25"C

IPv.,. - P,-"",l% + 0.0017 (P - P.I where P .. Vessel pressure
p." Vessel pressure with argon at 25"C

4. ~th" Pressure and temperature corrected density offset
IPsor.. )W1yl_ -(Pp....) __
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Table 3 shows the measurement deviation on a density transducer when calibrated with
methane and nitrogen, and how this deviation is reduced after the inclusion of the velocity
of sound correction.

Table 3 The RuhrgasNDI results for methane and nitrogen

Nominal Density Deviation Methane/Nitrogen Deviation aher VOS Correction
( kg/m3 ) ( % ) ( % )

22 0.93 +0.01
0.97 -0.03

35 0.83 +0.04
0.86 +0.07

47 0.71 +0.01
0.73 +0.03

59 0.59 -0.03
0.60 -0.04

Figure 8 is a summary of the measurement results on a number of natural gasesfrom the
Ruhrgas tests based on a methane calibrated sensor. Figure 9 demonstrates the consequence
of applying velocity of sound correction.

It is important to note that there have been reports of calibration offsets which cannot be
explained by the velocity of sound effect. In most casesan explanation has later been
found. either with respect to gas compositions uncertainties, measurement errors, calculation
errors or sensor contamination. This clearly highlights that considerable care and skill
is necessary in order to carry out these tests and, whilst these tests may be important in
order to confirm an effect, they should not form the basis of routine calibrations. In general,
for best performance and confidence, it is recommended that calibrations are performed on
a pure gassuch as nitrogen with suitable corrections for changes in gascomposition and
operating conditions.

5 METHODS OF CORRECTION

As clearly shown by theory and by measurement results, a systematic measurement offset
will be experienced if the velocity of sound of the measured gas is different from that of
the calibration gas. If this measurement offset is not acceptable then one of the following
-two procedures must be applied:

(a) To calibrate the density transducer with the user gas at· the mean operating conditions.
Good calibrations using this procedure are very difficult and are limited in their appli-
cation. It is often the case that better calibrations would result using pure gas (e.q.
nitrogen) calibrations and a fixed estimated offset.



30 40 70

Fig. 8 Ruhrgas natural gas results - uncorrected

20 50 60
Density (kg/m3 )

Fig. 9 Ruhrgas natural !JB$ results - vas corrected
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where

c=~

C = speed of sound ( mls )
'Y = Cp/Cv ratio of specific heats

(c5P) = ratio of pressure change (Pa) to density change (kg/m3 ) at
Sp T constant temperature

-4

(b) To apply corrections which must be based on knowing the following:

(1) The magnitude of the ves effect of the sensor.
(2) The ves of the Calibration Gas.
(3) The ves of the User Gas.

The sensor ves effect can be quantified, as previously shown.bv theory and measurement
and is described by the following equation:

= PI ( 1 +(~r)+:

P 1 +( ~~
TCg)

- 3

where
P = true density (kg/n'l3)
PI = indicated density from calibration on gas of ves (,cc )

T = time period of density sensor ( p.sec)
Cc = vas of calibration gas ( mls )
Cg:::: ves of measured gas ( m/s )
K :: density sensor constant

= 1.35 X 10" for 1794. 1797 and 7810 sensors
= 2.62 X 10" for 3092, 3093 and 7811 sensors

Figure 5 shows the effect on two types of sensor, one calibrated on nitrogen and the other
on argon. It follows that this graph shows the anticipated offset when no correction is
applied.

The vas of the calibration gas is usually easy to quantify, since calibration is normally
performed on well defined gasessuch as nitrogen at a well defined temperature.

The ves of the user gas is more difficult to quantify. It could be measured directly but it
is normally more convenient to calculate it from an understanding of the gas and its'
conditions. In this respect an examination of the basic thermodynamics of a gas will give
us the following:

Using the above equation as a basis, the ves can be calculated by one of the following
methods:

(a) Pressure/Density Composition Method
(b) Gas Equations of State Method using composition, pressure or density

and temperature
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(c) Temperature/Density Composition Method
(d) Temperature/Specific Gravity Composition Method

These methods are described in Appendix A of this paper and may be expanded or simplified
as necessary in order to obtain the desired accuracy. Similarly, they may result in the appli-
cation of fixed calibration offsets or they may be applied continuously from measurements
of pressure, temperature and compositiori. Experience hasshown that the Pressure/Density
method, whilst being one of the simplest to apply, is also one of the most effective.

For further simpl icitv it is sometimes the practice to combine the sensor effect with the gas
effect to form one correction equation. This is often referred to as the User Gas Equation
and its derivation is described in Appendix B. Its use is somewhat limited to specific gas types
over closely defined operating ranges and it is chiefly intended to highlight that for the best
accuracy a gas composition related correction factor should be applied.

It follows that there is an almost unlimited variation of correction methods, depending
primarily on how the vas of the User Gas can be described from the available measurements.
This wide choice does sometimes cause difficulties, but it should be stressed that the velocity
of sound effect only generates a small offset and in consequence there is little justification in
using complex procedures to accurately define these offsets when simple procedures are quite
adequate

It is often best to consider the velocity of sound correction as part of the total calibration
requirements for the density transducer and in this respect the following general recommend-
ations should be considered:

1. Calibration:

(a) For low density and natural gasesuse nitrogen at 200C (Figure 10).
(b) For high densities use argon at 20OC.
(cl Only use defined gasesat defined conditions if good density standards are

available, if gas quality can be assured and if calibration conditions cover
the full range of operating conditions.

2 Velocity of Sound Correction

(a) If measuring a defined gas at a relatively constant temperature, use fluid offsets
as provided by the 'User Gas Certificate' (Figure 11) or similar.

(b) If measuring different gasesand/or the measurement conditions are changing
significantly, use continuous correction for VOS, preferably by the Pressure/
Density method or alternatively by the Temperature/Specific Gravity method
but as defined by available measurements.

3 Temperature Corrections (Excluding vas Effect)

The vibrating cylinder density transducers normally have a very small temperature coef-
ficient (typically 0.001 kg/m3) and correction for this is only necessary if operating at
low densities and at temperatures which are far removed from the calibration temperature
(20QC). Where necessary, corrections can be applied using the equation on the prime
calibration certificate to either a mean fixed temperature condition or by using
temperature measurements.

12



CALIBRATION CERTIFICrlTE

Far~horouqh Division

Solartron Transducers

Serial No: 100108
Cylinder No: 004887

Amplifier No: 001393
-Cal Datel 20JAN86

7610N GAS DENSITY METER

Unit Pressure Tested to 375 BARS

DENSITY CALIBRATION FOR NITROGEN AT 20 DEG.C
(Based on Pressure-Temperature-Density Data in IUPAC Tables)

DENSITY
[KG/M3J

o
1
2
s
10
15
20
30
40
50

-60

PERIODIC TIME
_ [uSJ

212.277
213.201
2111.102
216.78
221.161
225.446
229.639
237.78
245.519
253.195
260.~22

DENSITY" KO + K1.T + K2.T**2

KO ..
Kl .,
K2 ".

";1.0087SZE+02
-1.515094E-Ol

Z.951956i:-03

TEMPERATURE COEFFICIENT DATA

Dt = 01(1 + K18(t - 20 II + K19(t - 20 ) K1 a :: -2. 33E-05
K19 ..-1.88E-04

USER GAS OFFSET DATA

Nitrogen/Methane Gas Mixture Over Density Range 10 to 60 KG/M3

KS =
K4 ..

831
59

(
DA = Dt (1 +

(

K3 ( G I)
------- (0.00236 - ----I)
(Dt+K41 ( t+273))

where
T Periodic Time (uS)

DJ. Actual Densi ty (KG/M3 I Gas Speci!'ic Gravi ty -
t Temperature (DEG.C) G = -----------------------01 Indicated Density (KG/M3) Ratio of Specific Heats

Dt Temp.Correcte~ Density (KG/M31

TESTER

Ref NOI-GD01tL

QC

DATE-20JAN86

Fig. 10 Nitrogen calibration certificate
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USER GAS CALIBRATION CERTIFICATE

Farnhorough Division
Solartron Transducers

?BION GAS DENSITY METER Serial No: 100100
Cylinder No: 004887

Cal Date: 20~AN86

NITROGEN CALIBRATION DATA AT 20 DEG.C

KO -1.008782E+02
Kl = -1.515094E-Ol
K2 2.951956E-03

USER GAS DATA AT 20 DEC.C
COMPOSITION BY % VOLUME .

KlB
R19

-2.33E-05
-1. 33E-04

(SINGLE PHASE FLUID IS 1I.~.lSOMED)

HYDROGEN
HELIUM
N!TROGEN
CARBON MONOXIDE
CARBON DIOXIDE
OXYGEN
ARGON
METHANE
ETHANE
EnlYLENE
PROPANE
PROPYLENE
BUTANE
PENTANE
HEXANE +
TOTAL

0.0000
0.0000
0.4183
O. 0000
1.8985
0.0000
0.0000

84.6505
B.7505
0.0000
3.1074
0.0000
0.9684
0.1677
0.0387

100.0000

VELOCITY OF SOUND AND ERROR DATA WITH USER COEFFICIENTS

DENSITY PERIODIC TIME V.O.S MAX. ERROR
[KG/H3J [uSJ [MIS] [%density]

5 216.746 408 0.235
10 221.102 403 0.20B
20 229.545 395 0.174
30 237.665 390 0.181
40 245.495 389 0.160
60 260.400 392 0.186

USER GAS COEFFICIENTS
TESTER (lC

KO = -1.071680E+02
Kl = -1.004218E-Ol
K2 = 2.850954E-03

Ref No: GD02/F DATE-20JAN66

Fig. 11 User gas calibration certificate
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CONC LUSIONS

All vibrating density sensors are influenced by changes in the velocity of sound of the fluid
being measured. By understanding this effect, sensors can be designed which exhibit minimum
effect but without the loss of other features. By quantifying this effect with respect to a
particular measurement task, the most suitable correction method can be defined and agreed
by all parties.

This characteristic of these gas density sensors should be considered alongside details of the
calibration and the installation which are often of much greater significance. When correctly
applied, measurement performance to 0.1% of reading can be demonstrated in the laboratory
environment and to 0.2% to 0.3% of reading in the pipeline environment. This compares
very favourably with alternative methods of continuous gas measurement.
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APPENDIX A

V.O.S. DETERMINATION OF GAS MIXTURES

Prime Influence

From the thermodynamics of a gas, the speed of sound is given by the equation:

c=~ . A1

where c = speed of sound ( m/s )~=Ratio of specific heats

ratio of pressure change (in Pal to density change (in kg/m3)

'Y

at constant temperature

At low pressures this equation may be simplified to:

Also since

. A2

L
p

. A3

where R universal gasconstant
TA= absolute temperature
M = molecular weight
Z == compressibility factor

it follows

Pressure/Density Method

The Pressure/Density method of calculating the velocity of sound of a gas is based on equation A2. However,
to include for changes in the specific heat ratio and the pressure density ratio at high pressure, the equation
is expanded as follows:

c =~ + KJp2 + K2p3 • • A5

where 'Yo is the zero pressure specific heat ratio.

By correct selection of 'Yo, K J and K2, this equation is more than adequate for V.O.S. determ ination.
Furthermore, these values are not very sensitive to changes in gascomposition. It is this equation which is
used in Solartron Flow Computers types 7900 and 7910.

A1



c = 80 + 81 d-O.S + 82 (l pM + 83cP·5 Tp2

+ 84dTp + 8sdTl.S P + 86d1•S ro·S pl.S

+ 8,dl.5 T(.5 + 88d1•S Tl•5 pO.S + 89d2 Tl.S . A7

Temperature/Density Composition Method (2nd Gas Certificatet

A procedure has been developed by Solartron which allows the velocity of sound to be calculated for a
defined gasmixture, at a defined operating temperature and over a specific density range.

The velocity of sound for each component gas is determined by the following equation:

c = Koo + KOlx + K02X2 + (KIO + Kux + K12X2,y

+(K20 + K21X + K22X2 ,y2 + (K30 + K31X + K32X2 )y3 • A6

where x == temperature ( °C ,
Y component density ( kg/m3 )

The velocity of sound of a gasmixture is determined by the combination of the component velocity of
sounds.

This procedure is used by Solartron to generate a UsersGas Calibration Certificate (2nd Gas Certificate'

Temperature/Specific Gravity Method

This procedure is described in V.D.t. Report 162 and for natural gasesusesthe following equation:

where c
P
T
d

velocity of sound ( m/s ,
density ( kg/m3 ,
temperatu re ( 0 K )
density ratio ( Specific Gravity'

The coefficients 80 to 89 are selected from one of three tables as a function of the calorific value of
the gas.

This procedure should only be considered if a pressure measurement is not available and in general is
considered unnecessarily complex when compared with the Solartron User GasEquation.

Temperature/Specific Gravity Method (Reverse PTZ Procedure»

This procedure usesthe Pressure/Density method (pageA 1'. Equation A5, in combination with a
method of calculating line pressure from temperature, density, specific gravity and the Z factor. One
of severalavaifable procedures can be applied for the determination of Z such asNX 19.

This procedure, like the V.D.1. procedure, should only be considered if a pressuremeasurement is not
available and in general is considered unnecessarily complex when compared with the Solartron User
Gas Equation.

A2
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APPENDIX B

SOLARTRON USER GAS EQUATION

The Solartron User Gas Equation is a simplified combination of the density sensor V.D.S. effect (Equation 2
on page 4 of this paper) and the gasV.D.S. definition (Equation A4). The combination method is as follows:

From Equation 2

P (1 + (-kY)
I (K )21 + -

reg

If (T~C) 2 and (r~j2 are small with respect to 1.0 then

The sensor Density!Time period relationship is approximately

82

also from Equation A4

RTAZ
'Y M . 83

substituting into Equation 81

PA P, (1+ (P, ~';:)R((~~z),- (~~zU) 84

This can be simplified further

PA "" PI ( 1 + K 3 (K 5 _ G )1\
(PI +K41 'Yo (T+273) /'

85

Where K 3 and K4 are coefficients which can be selected to give no error between a calibration gasand a
user gasat minimum and maximum densities. Ks is the calibration gasfactor.

G is the specific gravity of the user gas
'Yo is the zero pressure specific heat ratio
T is the temperature in °c.

This equation is presented on the Primary Calibration Certificate for Solartron Density sensorswhere the
factors K] and K4 have been selected to give no error when the sensoris used on the calibration gasand
on methane.
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= P (1 +~ (K7 _ G )~
I PI + K4 \ (T + 273) ~.

.86

Alternative valuesof K3 and K4 can be determined to give no error for any specified gasat minimum and
maximum operating densities.

For most applications, this correction equation can be further simplified with only a small loss in accuracy,
by assuminga constant value of 'Yo. Hence:

Where no pressuremeasurement is available, this method is normally recommended due to its simplicity
and effectiveness.
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EXPERIENCE OF OFFSHORE ON-LINE 8AS DENSITY "EABURE"ENT------------------------------------------------------

INTRODUCTION
The mealurelent of val density uling density tran5du~erl is
COlmon place on offlhore filcal gal metering Itationl. In
this paper I have attempted to delcribe lome of the probleml
I have encountered with theBe Instruments in the design &
commissioning of offshore gas metering stations on both the
U.K and the Norwegian lectors of the Northern North Sea. I
have also given advice on avoiding lome of the more common
rellonl for transducer failures. The paper contains lome
b'lic dlsign guidelines to help alleviate probleml in new
Ftlcal Ba. "etlring By.t ••••
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THE DEStBN BlASE

At the design stage of a new gas metering project very little
information will be available regarding the eHact composition of
the gas ~ the expected operating conditiDns of the neM station
Normally the Instrument Engineer or Gas Metering Consultant will
uae the educated gueases of the Proceas Engineers in order to
proceed with the design calculations. Inevitably he will gUI.a
wrong. The gaa compoaition may be heavier in hydrocarbons (Dr
lighter) than was assumed ,the actual operating conditions may
not be as predicted Dr the 8as I Oil Ratio may have dramatically
increased since then resulting in the metering station not being
capable of the thrDughputs it was designed for.
Invariably the instrumentation will be ordered early on in the
project and left in stores until required. In the case of Denaity
Transducera thia ean be a fatal mistake. For fiscal applications
the certificate given with I transducer is only valid for one
year. AI we all know one year 1s the typical timescale for the
deaign and construction of an offahore Sas metering station.
Invariably a few welks before the system is due for final tests
and inlplction by the various interested parties and auditors,
the Engineer r•• ponsible for organising the calibration checks
and functional teats will be sitting in his office checking
through the project paperNork and find that some if not all the
Density Transducers Nill require re-certification. The turn-
around time from the manufacturer. is appro~imately 6 weeks (if
you haven't hit upon the varioua two Neek holiday periods). The
Engineer thus finds himself in a panic situation Nith teleKes to
the platforl and to the manufacturers organiling a quick turn-
around and rapid transportation back to the platform. If all goes
Nell, enough Instruments Nill be back in time for the tests. The
density transducer vendor that I have been involved with in the
past, haa been vary helpful in this type of situation.
The design criteria concerning the number of density transducers
required per stream is a subject that over the years I have
studied in great detail. In most cases I would recommend the
fitting of dual denSity transducers per stream. This allows
maKimum flexibility of operations and gives the operator greater
confidence in the density being used in the fiscal calculations.
The ule of a back-up denlity calculation within the stream micro-
computer hal the advantage of allowing automatic fall back to the
calculated density on detection of a discrepancy betNeen the
density transducers or betNeen calculated and a single density
transducer if only one is fitted.



THE INSTALLATION

The most practical method of installing gas density transducers
is to use the "Pressure Recovery Method" • This method has proved
itself over the years and is now the industry standard This
method relies on the recovered pressure downstream of the orifice
carrier to provide a sample differential pressure· back to the
downstream tapping point of the orifice carrier The typical
hook-up shown in a manufacturers technical handbook (chapter 2)
titled "Typical Orifice Plate Metering System" leaves ~ lot to
be desired •

The diagram is lacking in several essential areas. The tubing
itself should be 1/4in or 3/8ths in. diameter, any larger and you
may encounter problems due to high velocity. causing damage to the
transducers. The tubing arrangement should be such that it is
installed as close as possible to the meter tube and should be
kept as short as possible •

Never install a needle valve between the density transducer and
the orifice carrier downstream tapping sample return. Since we
are trying to measure the density at the downstream tapping of
the orifice carrier any restriction will invalidate the accuracy
oi the measurement .The use ~f a needle valve between the sample
take off and the transducer is advantageous in that it allows the
operator or Instrument Technician to slowly pressurise the
transducers after any maintenance work without causing damage to
the transducer

Consideration should be given to installing external filters to
the sample inlet of the density transducers. The location of the
iilters fitted to the inlet and outlet of the density transducers
are difficult to access without having to remove the instrument
from its sample pocket. The use of external iilters has the
added advantage of providing a sample supply liquid trap for
installations where lub. oil carry-over is possible. The filter
elements should be two microns. Ideally two filters should be
installed in parrallel to allow changeout without having to
shutdown the stream and depressurise the sample system.

The start-up of any system can give instrument problems With
gas density transducers it is during pressurisation and start-up
that most problems occurr. Dirt and contamination tend to
collect on the downstream area of an orifice carrier. During
pres5urisation the gas will take the path of least resistance to
pressurise the transducers. This path unfortunately is also the
path oi least protection to the instrument with only a 90 micron
Tilter fitted at the outlet. This can b. prevented by automating
the downstream sample valve and tying it into the valve control
logic of the metertube upstream (or downstream) shutofT valves
The use of a nonreturn valve is not recommended as this can
introduce a pressure drop in the sample return line.
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The most common cause of failure of
vacuum is hydrocarbon liquid
depressurisation. It is important
transducers slowly to prevent this.

density transducers
drop-out created

to depressurise

under
during

density

DESIBNED FOR CONVENIENCE======~==~~=====.=======
Fiscal regulations on both sides of the North S~a I require
operators to check the accuracy of their gas metering stations
monthly. The practice I have recommended in the various metering
stations that I have been involved with, is to pull a vacuum on
the density transducers to ensure that they still can achieve the
periodic time given on their original calibration certificate.
This has given good results & it is very seldom that a density
transducer will pass this test. fail online.

Failures and damage can also occur if the density transducer to
be vacuum tested is removed from the line. Inevitably the inlet
and outlet threaded fittings of the density transducer are
damaged by regular removal. Problems can also occurr with the
electrical connections which are part of a certified encapsulated
assembly • To avoid this I would advocate that a skid mounted air
driven vacuum pump and valve assembly be purchased and installed
in a suitable location adjacent to the density transducers. The
vacuum pump can be permanently connected by small bore pipeNork
to more than one metering tube density installation without too
many problems. Good quality fittings should be used throughout,
and the complete piping system thoroughly vacuum and leak tested
at regular intervals. The pipework should include double block
valves and relief valves to protect the maintenance technician
from accidently applying line pressure to the vacuum pump.

To allow maintenance of the density transducers without the
necessity of depressurising the complete metering tube. double
block valves should be installed both upstream and downstream of
the instrument. The connectors on the density transducer side of
the valving should be arranged in such a way as to allow removal
of the instrument without disturbing the rest of the pipework.

The vacuum pump assembly should include a good quality vacuum
gauge with a resolution down to less than 1mm of mercury. There
should also be a line pressure gauge upstream of the double block
valves to allow the operator to perform a final safety check
before proceeding with any further actions. A Qood idea would be
to clearly number all valves and prepare procedures for their
operation.

A purge paint should be allowed for in the deSign to facilitate
nitrogen purging of the pipework if hydrocarbon liquid dropout is
suspected •
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Tne measurement of gas density is not easy to make accurately in
the environments encountered on offshore production platforms. At
the design stage it is important to consider the effects of the
environment on the accuracy of the density measurement you are
trying to make. The insulation of the installation should be
designed in such a way as to allow easy access for technicians to
replace or check the calibration of the density transducer with-
out having to have the insulation replaced every few months. The
insulation should also be 0; the highest standard available to
ensure good thermal stability throughout the length of the down-
stream portion of the meter-run.

A QUESTION OF TEMPERATURE

Measurement of the denSity transducer outlet temperature is to be
recommended The stream micro-computer can be programmed to
provide an alarm on deviation between the line temperature and
the denSity outlet temperature measurements. This alarm is an
indication to the operator that perhaps something is amiss with
the density measurement. It can either mean that the inSUlation
has not been put back around the instruments properly after the
last maintenance check or that the flow through the density
transducers is restricted (perhaps a valve is closed?).
As a rough guide, if the line temperature is 40 oC,the density
outlet temperature should ideally be 39.5 oC or higher. Since
nothing is ever ideal a discrepancy limit of approximately 2 oC
is acceptable in normal operations. The choice of the density
transducer outlet temperature sensor should be carefully made.
Consideration should be given to the mass of the sensor itself
and the location of the installation. The ideal sensor ~ould be
a surface Mounted R.T.D. located on th~ piece of instrument
tubing immediately downstream of the Density Transducer itself.
In general, older metering stations have not got the facilities
within the stream computers to perform temperature correction to
the density signal. 1he correction may in some circumstances be
small but should not be assumed as negligable. The magnitude of
correction can vary from instrument to instrument. For these
reasons I Mould strongly recommend the inclusion of temperature
correction to density in any ne~ Fiscal gas metering system.
Other corrections are required to the denSity signal before it
can be used in a Fiscal installation. The density should first
be corrected for temperature after the basic calculation from
frequency and then corrected for velOCity of sound differences
between the calibration gas and the actual sample gas The
density value should then be corracted to upatream conditions and
it can then be used in the flo~ calculation. If a corrected
Expansion factor i9 uaed it in difficult to una a calculated
density back-up routine without further manipulating the pressure
signal .1 Nould therefore recommend correcting the density value
rather than the Expansion factor.



7

THE CO""ISSIONINS STASE=======================
This is the stage of the project where for various reasons we use
up all of our spare instruments.

Some rules 1-

(A) Never believe the mechanical engineers who will tell you
that the pipework has been completely dried after the hydro
testing ,because somewhere a valve is full of water just
waiting to be opened & flood your metering instrumentation.

(B) Always leave your density transducers isolated and under
vacuum until .required.

(C) Order double the number of spares you first thought of since
you are going to use one set as target practice for the slug
of water as metioned in (A) , one set is always going to be
at the manufacturers for refurbishmen~ & re-calibration and
the other set is somewhere in stores but no-one is quite
sure where.

Its during this phase of a gas metering project that the Engineer
responsible can suffer from a nervous breakdown or severe hair
loss To avoid this he must be in control of the situation
This is not always possible since a gas metering station is
probably only a small part of a large mechanical project Co-
ordination between disciplines is therefore essential. Management
should be kept informed of the status of the project to help to
prevent misunderstandings •

START-UP
========

The start-up of any new process plant is a testing time for
everyone and everything involved in the project. In a new Gas
"etering project it is the gas density transducers that are most
likely to fail spectacularly. Failures can be caused by various
types of contamination in the sample lines. The best way of
preventing this is to keep the density transducers isolated from
the metering tube until the system is fully on line and flow has
been established for approximately 15 to 20 minutes During
this time the flow computers can be instructed to use the back
up denSity calculation in the main flow calculation routines.



VELDCITY DF SOUND====a==.==a===~==
The velocity of sound correction tD a particular make of gas
density transducers has caused a great deal of controversy over
the years. About 2 years ago I was involved in approaching the
transducer vendor on the possibility of calibrating high range
Density transducers on Nitrogen instead of Argon as it appeared
that this was a possible way round the problem. In May 1985 the
transducer manufacturer was able to accomodate this.
It is not easy to change from Argon to Nitrogen Certified Density
Transducers overnight. This had to be a phased change over with
density transducers certified on both nitrogen and argon until
all density transducers had dual certificates available.
When all the density transducers had been re-certified on both
Nitrogen and Argon the stream micro computers were reconfigured
to use the nitrogen certificate constants.

IUNNECESSARY PROBLE"S====================
Earlier this year an uneKpected new format suddenly appeared to
the certificates being sent offshore with all recently re-
furbished and re-certified density transducers. It was only when
questions started coming in from various platforms that it was
discovered that the vendor had made changes to the 'K' factors
and the user gas equation. Since our flow computers had been
programmed to accept inputs within certain limits we were unable
to use the new values without calling out a software engineer to
reprogramme the stream micro computers. My recommendation would
be that vendors of this type of equipment should publish regular
customer bulletins containing application notes and discussion on
forthcoming changes in either product specification or procedures
in certification. I am sure this would ease the present tensions
between them , and the customers , us !

9

CERTIFICATE CD"PARISDNS=======================
As I mentioned earlier ,1 had a unique opportunity to study the
differences between Nitrogen and Argon certificates. I a150 had
the opportunity to study User Gas Offset certificates against
standard Argon certificates and later against Nitrogen
certificates. The results were interesting!
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I have attached a typical printout of the comparison calculations
that I performed on the dual certified transducers. The offset
was consistant throughout at approximately 0.3X. This I found
disturbing in that the nitrogen and argon standards used for the
calibration at the Vendors were prepared in the same standards
laboratory It is even more suprls1ng "hen compared with the
stated accuracy of the transducers of +/- 0.21 !

The use of User Gas Offset certificates is one that I have often
been offered by a transducer vendor when discussing new projects.

have compared the use of these certificates against using a
standard Argon or Nitrogen derived certificate. I have come to
the conclusion that if the gas analysis is constant with only
small percentage changes in components and the operating pressure
and temperature are very stable ,then a user gas certificate can
be used If however there is any substantial change in gas
components and/or operating conditions then the use of a User Gas
Certificate is no longer valid. I have calculated the difference
in final denSity ,comparing a standard certificate and a User Gas
certificate The results show that the user gas calculated
denSity compares well with a standard certificate calculated
denSity within the operating range specified Beyond these
limits the accuracy of the calculation is questionable. It is
particularly important to standardise spares in systems with more
~han one gas metering station I but it is very rare that the gas
analysis and operating conditions will ever be identical In
these cases the use of User Gas Certificates can be an expensive
exercise.

"AINTENANCE===========
The procedures for the repair and re-certification of density
transducers are generally not suitable for use 1n the enviroments
found in the North Sea. If a transducer fails either on-line or
when tested under vacuum I good results can usually be achieved
in cleaning the transducer and retesting. If this fails send
the instrument back to the Vendor for repair and recertification.
The cost in manhours offshore is far greater than the costs
charged by the Vendor. So the motto here is "If at first you
don't succeed - give up!"

have in the past attempted replacing the spool piece of a
failed instrument with a certified spare purchased from the
Vendor. The results Mere not encouraging with only a SOX success
rate. The costs of the exercise were high when the material cost
and manhours were added together •
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THE FUTURE==========
The measurement oi gas density using the currently available type
of transducers is possible with patience and "tender loving
careh

• The trend with new Gas metering projects cu~rently being
designed has been towards the use of a denSity calculation rather
than on-line density transducers. The reasoning behind this move
is that denSity transducers have been unreliable in similar
applications. The calculation routine that is proposed is based
on the GRI final report. This routine requires a stream micro
computer with a larger memory and faster processor than micros
currently in use to perform the calculations and iterations that
are required. The retro-fitting of this is almost certainly cost
prohibitive in the current financial climate that we are all
experiencing.

During discussion~ with the representatives of a well known
denSity transducer Vendor I once asked if it was possible to
manufacture a density transducer that is not affected by liquids.
The reply that I received was that they had been making one for
years and it was better know as an Oil density transducer!

New technology is appearing almost daily. Perhaps an alternative
will soon be with us. Until then we must make the most of what we
have .

I hope this paper may be useful to engineers faced with density
transducers for the first time. Perhaps we can stop the trend
towards baldness in new instrument engineers!



DENSITY CERTIFICATE COMPARISON
DATE :08-11-1986 TIME :09:22:22

..DE#-sITV TRANSDUCER SERIAL No . 4114
ARGON NITROGEN

FACTORS FACTORS
KO = -81.25611 -81. 7502
Kl = -.024119 -.023923
K2 = 4.3774E-04 4.3974E-04
K3 = 724 312
K4 = 63.5 45
K18 = -.0000194 -.0000187
K19 = .0001B2 .000262

PERIODIC TIME (microsecs) = 900
SPECIFIC GRAV lTV = .778
RATIO OF SPECIFIC HEATS = 1. 27
OPERATING TEMPERATURE = 40

UNCORRECTED DENSITY (ARGON CERT. ) = 251. 6062
TEMP.CORR.DENSITY (ARGON CERT. ) = 251.5122
USER.CORR.DENSITY (ARGON CERT. ) = 252.0115

UNCORRECTED DENSITY (N!TROGEN CERT .) = 252.9085
TEMP.CORR.DENSITY (NITROGEN CERT.) = 252.8192
USER.CORR.DENSITV (NITROGEN CERT.) = 252.9129

PERIODIC ARGON N2 DIFFERENCE
TIME DENSITY DENSITY I

-------- ------- ------- -------
900 252.0115 252.9129' .3563703
880 236.9099 237.7413 .3497359
860 222.1578 222.9214 .3425539
840 207.7552 208.4531 .33478B
820 193.702 194.3363 .3263657
800 179.9982 180.5711 .317241
780 166.6437 167.1574 .3072893
760 153.6384 154.0952 .2964219
740 140.9821 141.3845 .2845958
720 128.6748 129.0253 .2716361
700 116.7162 117.0175 .2574634·
680 105.1063 105.3611 .2418991
660 93.84466 94.05608 .2247788
640 82.93116 B3.10235 .2059879
620 72.36543 72.49983 .1853895
600 62.14709 62.24843 .1628013
580 52.27562 52.34799 .1382598
560 42.75041 42.79842 .1121634
540 33.57068 33.59941 8.550295E-02
520 24.73545 24.75067 6. 149589E-02
500 16.24337 16.25172 5.138147E-02
480 8.092742 8.101885 .1128488-------------------------------------------------------------------------------
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FLARE GAS MEASUREMENT
BY

T.COUSINS
SARASOTA AUTOMATION LTD.

1. INTRODUCTION

When any chemical process takes place there are waste products
produced. The waste gas has to be disposed of and providing that it
is not too noxious is allowed to disperse into the atmosphere via a
stack or chimney. In the case of hydrocarbon gases they are usu~lly
burnt off as a ·flarew• It has become essential that these waste
gases are metered for a variety of reasons:-

a. To obtain a mass balance to obtain the efficiency of the
process.

b. To evaluate process and control the quantity of wasted energy.

c. To control emission
considerations. .

on the grounds of environmental

The different reasons for measurement tend to a require different
emphasis on accuracy. For example, in a refinary or petrochemical
works, -repeatabilityW is more important so that optimum plant
efficiency can be maintained by trend recording. An offshore
platform however requires wbasic accuracy· as primary importance
because total volumes of energy have to be accounted for as they
disappear ·up the stack-.

AS will be described, the conditions for flow measurement in flare
stacks is almost the worst possible. Gas flow measurement presents
problems, but when flare conditions such as high liquid/particle
content and large flowranges are imposed on the measurement, then the
design of a flowmeter to·adequately cope and give reasonable results
is very difficult.

2. FLARE STACK MEASUREMENT CONDITIONS

The conditions encountered in flare stack metering are as follows:-

a. Extreme flows from very high to very low, typically from
velocities of 0.5 mls up to 60 mis, that is over at least 100:1
in range.

b. Wide temperature ranges, as the plant can handle both cryogenic
and high temperature processes. A recent application required
a range of -90 deg c up to +150 deg c.

c. The majority of gases contain either liquids or particles,
typically carbon, sulphur, tar, condensate, and hydrogen
sulphide which can contaminate the meter.

1 -
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d. Varying chemical composition, which makes chemical
compatability of metering materials essential, particularly as
many of the products are dangerous. Almost invariably the
metals used to have to conform to NACE standards.

e. Density changes are wide enough to require a flow measurement
method that is compensated for density and is preferably a
direct mass measurement system.

f. The pipe sizes are invariably alargeD, that is above 300 mm.
The implication being that the cost of a full bore meter is
likely to be high.

g. The pressure drop must be low.

These conditions tell us about the flowmeter required, it should be
inert to aggressive chemicals, measure mass flow, have a wide range
and if not immune to a second fluid phase should be easily
serviceable.

3. FLARE STACK EXAMPLE

An example of a flare stack metering application on a plant involves
three flares, a high pressure line, a low pressure line and a fuel
gas vent. The metering is taken at the main headers with flare feeds
from the various plant processes Fig 1. For the high pressure line
the flow range required on mass is 10,000:1, for the low pressure
line 2000:1 and the vent line 40:1. To"acheive these large ranges
several meters have to be used, further more they could not be
conventional full bore" meters, but must be either insertion or
non-invasive meters to avoid excessive pressure drop. Density in the
lines vary but in the worst case can change from 0.85 to 5 kg/m3•
All the lines are greater than 200 mm diameter. This is a rather
excessive case, due to the requirement for very low through-puts when
the plant is shutdown, in the form of a purge to keep the flare going
up to full blow-down conditions where there is a major plant problem.

AS can be
separaters.
flowrange
quantities
lines.

seen from Fig I in general the flare gas is taken off
Unfortunately these usuall yonly have a limited

over which they are efficient. AS a consequence large
of liquid are likely to end up"travelling down the flare

4. STANDARD FLOWMETERS FOR FLARE MEASUREMENT

In"an "attempt to solve the problem of flare gas measurement nearly
every meter type has been tried. The two types most commonly tried
were differential pressure meters and differential pressure
flowmeters they have both been used in full bore and insertion form.
The success has been very limited due to the small flowrange
available, the blockage of pressure tappings and in the case of
orifice plates excessive pressure drop. The pressure tappings,
particularly in pitot type devices, are very prone to blockage as the
fluid is brought to rest at the tapping position, thus there is no
tendency to remove debris by fluid action. This can only be
allevited by purging to keep the tappings clear. With the advent of
autoranging D.P. cells the range has been improved but is still a
long way from that required in flare stacks.

2 -



Insertion turbine meters have been used to good effect but are
obviously very prone to bearing damage due to particle content. The
range is good for such meters but if the meter is designed for the
low flow end then a blow down will -wind- the turbine of its
bearings. Equally a meter designed for the higher flows will not
operate at the very low flows as the drive force to overcome bearing
drag will be too small. It is thus not possible to safely cascade
the meters to give the very large required range. Also the meter is
true velocity measuring and thus requires density compensation.

2/cont. ••

5. CURRENT DESIGNS

In an attempt to solve the problems of flare
radically different techniques have been used.
heat loss effects, vortex shedding and ultrasonics.

metering several
These are based on

a. Heat Loss Meters

Heat loss meters are the most commonly used meters for flare stack
measurement. For nearly 15 years they have been used with varying
degrees of success. The prinCiple is simple, if an element whose
resistance changes with temperature, such as a thermistor or PRT,
is heated and placed in a flowing fluid, then the heat will be
convected away by the fluid. The amount of convection is related
to the mass flow. Thus by for example, heating the elements and
forcing them remain at constant temperature it is possible by
measurement of power (current) to obtain an output proportional to
flow. A typical example is shown in Fig 2. The heat losses ~
from the flow thermistor are by forced convection:

The reference thermistor which is out of the main flow loses heat
through natural convection, thus its heat loss OR is given by:

E2RQR = = KllTS~ (Grl - 2.
R

.
Reynolds number Re ~ I-tdnow =

~ u

Sub 3. in Q

Qf = E2f UTS~(:d)
-: R

Where K =:

I1T =
S =
Re =Gr =:

V =:

d =:

~ ==
E =
R =:

ie., -1.

- 3.

- 4.

Thermal conductivity of the fluid
Temperature difference between fluid and element.
Surface area of element
Reynolds number = Vdp/~
Grasholt number = d3 p2 gI1T/~2T
Fluid velocity
Thermistor diameter
fluid viscosity
Volts
Resistance

cont ••••
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Thus we have a measured parameter Ef which is
However, there is also K, ~T and ~ to take into
be alIenated by taking the ratio of Ef /ER
removes K and ~T but still leaves ~. In
change to drastically for flare gases.

proportional to M.
account. This can
which immediately

practice ~ does not

conceptually therefore the method looks attractive particularly as
the calibration curve Fig 3, tends to enhance the low flow end
allowing the detection of very low flows, but also a reasonable
high flow capability. The problem is how to range the meters
particularly as they are so sensitive to flow. The main method is
to allow the fluid through porting by the action by of a pressure
drop across the main body Fig 4. The ported fluid can then be
controlled by restrictors.

Heating is carried out in one of two ways either the
thermistors/PRTs are heated directly and the current to the
thermistor changed as the resistance changed or a heater element
is provided seperately, Fig 5, and the thermistor/PRT detects the
heat convected from the heater element, which has its heating
controlled by the thermistor.

The advantage of this type of instrument is both the very large
range and the output is close to a direct mass flow. It should be
emphasised however that the meters are insertion meters and are
influenced by flow profile, Fig 6.

The two major disadvantages of heat loss meters are the coating of
the elements and in the case of using porting to control the flow,
blocking of the ports. If the thermistors become coated their
thermal conductivity changes and hence the calibration changes.
Blocking of the porting will change the calibration, or
alternatively in the worst case stop the meter completely. In the
case of the meter shown in Fig 5 blockage is not a problem, but
this is sacrificed to range.

b. Vortex Meters

Vortex shedding meters work on the simple principle that as fluid
passes around a bluff body, Fig 7, vortices are shed alternately
from either side of the body. The frequency of vortex shedding is
directly proportional to flow velocity over a large flowrange.
This relationship is summed up in the strouhal number relationship
Fig 8, where:-

fdstrouhal number 5 = -v
d = bluff body diameter
f = Vortex shedding frequency
V = Fluid velocity

For a linear relationship 5 should be a constant for as large a
range as possible. The correct shape of bluff body determines the
linearity of the meter. Changes in linearity are due mainly to
Reynolds number, although in gas there may be small changes with
compressability at high velocities. At high Reynolds numbers
there can be a change in linearity due to the boundary layer on
the front surface changing from laminar to turbulent.
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If the separation points are not fixed by for example sharp edges,
then the value of S will change. At low Reynolds numbers changes
in the separated shear layers cause non-linearities. Fig 9 shows
the variation in shedding with Reynolds numbers. It will be noted
that at very low numbers there is no shedding.

From the point of view of flare stacks a very useful shape is a
triangular bluff body with its apex upstream. Such a shape, while
it does not give the steadiness of Signal and linearity of some
shapes, does give a very wide range and is particualrly good at
low Reynolds numbers. Typically such a design will operate down
to less than 0.5 m/s on air, with no upper limit.

A major problem area with votex meters is in the detection of the
vortex shedding. There are a large number of methods, but it is
sensible to concentrate on the one method that has worked
successfully on flare gas. In this method a beam of ultrasound is
sent across the vortices to a receiver, Fig 10. The effect of a
forming vortex is to totally change the pressure and hence with
gas the density. This represents a changing acoustic impedance
which changes the Signal amptitude. The receiver thus ·sees· an
amplitude modulated signal whose modulation frequency is the same
as the vortex shedding frequency. TO protect the transducers from
the fluid the sound is fired through stainless steel ·slugs·, Fig
11. A typical calibration curve is shown for air in Fig 12. By
virtue of the design they can be considered as ·inert· meters in
that they have no moving parts and by careful design present only
metal (stainless steel) to the fluid.
The advantages of the meter are obvious it does have a very wide
flowrange, although perhaps not yet to the lowest required
flowrates, it has a pulse output and totalised flow involves
negligible conversion errors and it is very robust and has been
shown to work under very arduous conditions. They are working in
lines where the liquid content is very high.

The main disadvantages with the vortex meters are that they do not
measure mass and have to be compensated and they are an insertion
meter, and they still cannot reach the very low velocities
required in many flare metering applications.

c. Ultrasonic Meters
Potentially ultasonic flowmeters are very attractive for flare gas
measurement, because they have no moving parts, they represent an
unobstructed path to the fluid with a resultant lack of pressure
drop. Even with this lack of pressure drop, by careful design a
-full bore· meter can be made, compared to the insertion, point
velocity measurements of thermal and vortex methods.

5 -



the time to travel downstream T2l d - b.

S/cont •••

There are several methods using the same basic equations to'
perform flow measurement using ultrasonics. They rely on the fact
that if a pulse of ultrasound is fired into a fluid in motion, the
time taken for that pulse to travel from two points will be
modified by the fluid velocity. If the sound is travelling
against the fluid flow it will take longer to travel the distance
than if fired in the fluid flow direction and the difference in
time is proportional to the fluid velocity. Referring to Fig 13:-

dthe time to travel upstream T12 =
C - V

- a.

c+v

where d is distance between 1 and 2, C is the velocity of sound
and v the fluid velocity.

by rearranging a. and b. we obtain the equation

1 .)
T2l - c.

Where d is the pipe diameter and G is geometric constant. This is
written this way as it is usual to design the acoustic path to be
at an angle to the fluid flow, Fig 14, to allow for more
convenient installation. The advantage of this method of
deriVation is that the velocity of sound is excluded and the meter
is independant of C. This method of direct time measurement is
very difficult in liquids but is feasible in gas because of the
lower velocity of sound (300 mls compared to 500 mls) and the
generally higher fluid velocities. This ensures that the measured
quantities are in the range of sensible measurement. For example,
the total transit time across air in a 0.5 metre duct would be
approximately 2ms and the time difference would range from 5~s (at
about 0.5 m/s) to 0.5 mls (at about 150 m/s). An electronic
resolution of 100 nS would thus give good answers and such a
resolution is readily obtainable.

The current production meter using this principle is designed to
allow for Ghot tappingG or inserion of the ultrasonic transducers
into an existing line. The transducers themselves are piezo
crystals mounted in a stainless steel housing and protected from
direct contact with process fluid. They are mounted on stems, Fig
15, that allow for insertion into the pipe, such that if the fluid
such as C02 is high attentuating signal can still be obtained by
bringing the transducers closer together, and ease of installation
in difficult areas.

The disadvantages of this type of meter are that it measures only
direct velocity and must use a densitometer or pressure and
temperature correction for mass. Also the quality of received
signal will be influenced by the fluid going some repeatability
problems (although this is allevited by sampling). Although the
meter can be classed as a full bore meter it is subject to profile
changes similar to any Single path ultrasonic meter, thus there
are corrections for Reynolds number changes and installation
effects, but these should be less than for inserion meters.

cont ••
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The advantages are a wide flowrange, with the facility to measure
molecular weight from velocity of sound (if temperature is
known). Accuracy is dependant upon method of installation, but
can be better than 5% of actual (as opposed to FSD) on velocity
measurement. Also the meter is generally less dependant upon
profile than inserion meters (unless a profile is performed, but
who is going to do it on a flare stack).

6. SUMMARY

a. Flare measurement is one of the hardest flow problems to solve
because of the large ranges, aggressive fluids and requirement for
mass measurement.

b. The more standard flowmeters do not, and have not solved the
problem, with the result that newer methods are being tried.

c. Thermal methods have been used the longest for this type of
measurement. They have come close to solving the problems,
particularly in their range and mass. However the reliability of
such meters in high concentrations of liquid and particles is
poor.

d. Vortex meters, particularly using ultrasonic detection, have been
very successful from the view of range and reliabililty, although
they as yet have only a limited experience. The two major
problems are lack of direct mass measurement and being insertion
meters.

e. Ultrasonic time of flight meters are again a relative new comer
but are building a good track record. There are technical
problems with large ranges, but these are not difficult to solve.
Perhaps the overriding advantage is that they are an easily
installed -full bore- meter which few other flare meters can
match. They do not however measure mass directly and may have
some acoustic transmission problems.

f. The table below shows a review of the various flare flowmeters:-

TYPE RANGE ·ACCURACY REPEATABILTY COMMENTS

DP devices Max 10:1 +/- 0.5\ FSD +/- 0.2\ FSD For low pressure loss
on mass must be pitot tube -

holes tend to be
block.

INSERTION 20:1 +/- 1\ FSD +/- 0.1% Easily damaged by
TURBINE on velocity overspeeding and

secondary phase.
THERMAL 300:1 +/- 2.5\ FSD +/- 0.5\ FSD Coating of thermistors

on mass •• a severe problem -
also porting blockage.

INSERTION at least +/- 1\ FSD +/- 0.5\ Needs P and T or
VORTEX 100:1 on velocity density to make mass.

ULTRASONIC 500:1 *.* +/- 5% or +/- a Can be a full bore
better over measurement. Needs P
10;1 range and T or density for
on velocity mass measurement.
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7/cont ••

* with insertion meters there is always an error, undefined due to
profile and position.

** depends on the manufacturer may be as high as +/- 5% FSD.

*** over larger ranges this accuracy decreases.

7. REFERENCES

Flowmeter-
Flow Measurement of Fluids FLOMENO 1978.

b. S.KRUPA -Flare Gas Metering-
The Metering of Natural Gas and Liquified Hydrocarbon Gases, OYEZ
SCIENTIFIC 1984.

c. Fcr Catalogue.

d. Model 7100 Flare Gas Flowmeter, PANAMETRICS LTD.

e. SMALLING, BRASWELL, LYNWORTH AND WALLACE -Flare Gas ultrasonic
Flowmeter-
Thirty Ninth Symposium on Instrumentation, Dept. of Chern Eng.
Texas A and M University.
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Operator for Statplpe

THE COMMISSIONING ANV OPERATION OF
THE STATPIPE METERING SYSTEMS FOR
REFRIGERATED LPG.

Au~ho~h: M~. Han~ Be~en~hen, S~a~oi~
M~. Reida~ Saka~iah~en, Statoit

SUMMARY

Thih pape~ di~cu~~ p~oblem~ a!~ocia~ed wi~h ~he ~u~bine
meahu~emen~ 06 LPG.

Special a~~en~ion i~ paid ~o mea~u4emen~ 06 ~e64ige~a~ed
P~opane at -40°C.

Expe~~eneeh with ~he ope4a~ion 06 the LPG TUAb~ne
Me~e~~ng Station at Kdft~te,NOAway i~ d~~cu~~ed.

A~ a conclu~ion, i~ i4 ~tated ~ha~ the in~taiiation and
opeAat~on 06 ~hi~ Tu~bine Mete4ing Station 604
Ae6~ige4ated P~opane ha4 been 4ucceh46ui.
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INTROVUCTION

Ka~~~0 Ga~ Te~minal 4~ a pa~~ ~6 the Statpipe Ga~ T~an~po~tation
~y~tem.

,
Th4~ ~y~tem t~an~po~t~ ~ich gaJ 6~om the Stat6jo~d Fietd~ to
Ka~~t0 Ga~ Te~minal. He~e the heavy 6~aetion~ 06 ga~ a~e
~epa~ated and ~hipped by boat a~ P~opane-, Butane~- and Ga~oline
p~oduct~.

The d~y ga~ 4~ t~an~po~ted 6u~the~ down to the Ek06i~k Field
whe~e 4t ente~~ the NOApipe Sy~tem.

The p~oduct~ a~e ~h4pped 6~om Ka~~te by ve~~el~ a~ cold p~oduc.tJ.
The ~hipped quantitie~ a~e meteAed by dedicated Jk4d~ 06 tUAbine
meteA-AunJ on ~hOAe.

OPERATING CONVITIONS

L4~ted below a~e nOAmai opeAating condition~ 60~ the p~oduc.tJ at
meteAing location

PJtopane i-Butane n-Butane

TempeAatulte (0 C) -40 -10 2

PAe.~~Ull.eIball.g) 8 8 8

Ven.&ity (kg1m3 I S80 590 600

Ga~oL.[ne

3
7

677

The~e data indic.ated that Pll.opanemea~u~e.ment could be. di66icult.
To DUll.knowledge~ tuJtbine metell.ing06 liqui6ied PAopane at thi4
tempeJtatuAe ha~ neveA been caJtJtied out to an acceptable degJtee 06
accuJtacy and Jteliability.

~a4ed upon expeAience4 el~ewheJte, mea4Ull.ement 06 the otheJt
pJtOdUC.t4wa.& Aega~ded a~ ~elatively ~imple, ~o heJtea6te.1tit witl
be 6ocu4ed on the Pll.opanemeteJting.

2
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MAIN PROBLEMS FORESEEN

Vue ~o ~he tow ~empe~a~u~e ~pe~ial ~a~e had ~o be taken,
e~peeiatty 60~ ~he p~ove~ ~y~tem. Choice 06 mate4~al~, p~ove~
de~~gn, ~hape 06 pi~~on, ~ype 06 deteeto4 ~wi~ehe~ and pi~~on
~ealing wa~ 6inalty made ba~ed on a th040ugh evalua~ion.

Vue to eombina~ion 06 the low tempe4atu4e and low den~ity,
p40blem~ in den~ity mea~u4ement we4e 6o~e~een. Thi~ i~ mainly due
to lack 06 ~ati&6aeto4lj ealib~at~on method~.

Comb~nat~on 06 low den~ity and vi&eo~ity i& likely to ~au~e la4ge
~hi6~ in K-6ac~o~ on a tu~bine mete4 when ope~atlng a~ a wide
4ange 06 loading 4a~e~. Thi~ could be a p4oblem.

Al~o, ope4a~ion 06 valve~ ha6 been 4ep04~ed to be t~ouble6ome
unde~ ~he6e eondi~ion6.

DESIGN OF THE METERING STATIONS

Fig. 1 6hoW6 how ~he me~e~ing 6~a~ion& a4e ~4~anged.

The P40pane me.te4ing 6k.id c.on.6i.6t~06 6ou~ !fIe.tell. ltun.6,one 4" and
th~ee 8". The mete4ing ~kid a4e eonnected to a dedlc~ted p40ve~,
the P~opane p40ve4.

Eac.h 06 the i-Butane, n-Butane and Ga&ollne mete4lng ~kid6
con~l~t~ 06 .th~ee mete4 4un6, one 4" and .two 8". All .the~e th4ee
me.te~lng .6kid.6a4e ~onnec.ted .to a ~ommon p4ove4, .the mixed
p4odu~.t p4ove4.

~nelude~ al60 .the vapou4 4etu4n line.6. Vapou4 p4odue.t~ a4e
mete4ed by V04.tex mete4.6.
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F~g. 3 ~how~ ~he po~~~~on 06 the d~66e~ent element~ ~n mo4e
de~~~l. Each mete4 4un ~~ equ~pped w~th a den~~~omete~·o6 ~he
v~b4a~~ng-~ube type, u6~ng pump to 604ee l~qu~d th40ugh ~he
:t~an6duceJt.

In add~t~on, 6low con~JtolleJt valve6 aJte ~n6talled in ~he
~nd~vidual me~eJt 411»6 a~ well a~ ~n the p40veJt loop.

F~g. 3 ~nd~cate6 :the·de.lJ~9n 06 .the pitOVVt.

Both .the mixed p~oduc:t p40veJt and PJtopane pJtoveJt con~~.lJt 06 a
6.tJta~gh~ hoJt~zontal·~ube. ·ln6~de :the :tube ~6 an H-~haped p~6ton.
ThJtough the p~pewall6 60uJt detec.t04 .lJW~.tehe6con6~ht~n9 06 a
chJtome plated ~~eel ball PJto:tJtud~ng~n.to .the pipe and a me~cuJty
6w~~ch aJte in6:talled. The volume6 between :the de.tec~oJt ~w~tche6
aJte accuJtately deteJtm~ned.

F~g. 4 ~how6 the con6~gu~a:t~on 06 ~he compu~eJt 6Y6.tem.

A 6low compu:teJt connec:ted :to each·me~e4 4un Jtece~ve6 6~gnal~ 6Jtom
~he tu~b~ne and ~he ~Jtan~m~tteJth. In addi.t~on, one 6low eompu:teJt
~6 ded~cated .to each 06 .the p~ove~.lJ peJt60Jtm~n9 .the nece6haJtlj
caleula~~on6 604 :the cal~bJta.t~on Jtou:tine6.

A Jtemo.te .teJtminal uni~ common 60Jt all :the LPG·me.teJt~ng 6.ta.tion6
handleh :the valve 6:ta:tu~ 6ignal~ and .the ~on~Jtol ou.tpu~ ~ignal6.

S~gnal6 6Jtom :the 6low compu~e'Jth and .the Jtemo~e teJtm~nal un1.t aJte
:tJtanh6eJtJted:to .the camputeJt Jtoam.
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Stat u
Operator for Statpipe

The main compute~ in~tal(ed doeh all the con~~ol tahR 6o~ loading
and p~oving and gene~ate ~epo~t~ 604 the ope~aton on VVU'~ and
p~inte~h in the Main Cont~ol Room.

Calculation Method

It ih nat intended to dwell upon thih hubject except to hay that
na~ the pu~pohe On K-6acto~ calculation the COSTALV method ih
uhed 6o~ P~opane, i-Butane and n-Buiane.

The neahon 60~ thih ih that the ope~at~ng conditionh a~e beyond
the limith given 60~ the tempe4atu4e cO~4ection 6acto~h and
p4eh~u4e co~~ection oacto4~ 6o~ liquid ente~ing the n04mula given
in API 2534 6o~ the calculation 06 the K-6act04.

COSTALV method wah ch06en a6te4 a tho~ou9hly evaluation 06
di66enent methodh.

The equation uhed 6o~ the K-6acto~ calculation i~

K-6acto~ = Pm

ih numbe4 00 pulheh 6~om the tu~bine duning the
catib~ation ~un.

V~t ih g40~~ htanda4d pnove4 volume

Ct~p ih c04~ection 6acto~ 6o~ tempe~atu4e e06ect
on the hteel 06 the p~ove~.

Cp~p ih c044ection 6acto~ 6o~ p4e6hU4e e66ect on
the hteel 06 the p4ove4.

5
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~p ill liquid de.n~ity ..{..yt .the p~ove4 acco~ding .:toCOSTALV
me.thod.

?m i.o Liquid den.5i:ty in .the mete~ acco~ding to COSTALV
method.

The COSTALV me.thod i.5 aillo u.5ed all a backup me.thod 60~
de.te~miytation 06 :the denJity 06 the mete~ed liquid.

The volume..5 06 .the.p~ove~ we~e calib~a.:ted be60~e it le6t .:the
manu6ae.:tu4e4 and a6te~ .the iyt~.tallation a.t Ka~J.te uJing wa.te~ and

a.5.taytda4di.5ed~o 15 C.

Re.5ui.tll640m the.5e calib4a.tionll a4e g.ive.nin 6ig. 5. By eompaJr.ing
.thelle.6igu~ell, .the toie.~ance 06 .the.volume lltanda~dll and method.
u~ed llhouid be. kep.t in mind.

Both calibJr.ationll we.~e. ea~4ied out ull.ing.the."mallte.~ me.:te~
method". Unce4tainty 06 the ~e6e4enee. volume. ulle.d6o~ mall:te~
me.te~ calib~a.tion ill 0.02 %.

6
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OPERATIONS

Ali load~ng quan~~t~e~ have been mea~u~ed by ~h~pboa~d ~tat~~
mea6u~ement ~n add~t~on to the tUAb~ne mea6u~ement. The
expeA~en~e~ ~o naA ~an be ~ummaA~6ed a~ 60Iiow~:

Ex~ept nO~ two o~~a~~on~ 06 tUAb~ne beaAing bAea~down~ the
tu~bine mea~UAement ha6 been a~~epted.

In aveAage~ the di66e~en~e between 6hipboa~d mea~u~ement and
tu~b~ne mea6u~ement ~~ w~th~n 0.2 % .

.. Repeatability 06 the tu~b~ne~ ha6 been well within the
Aequ~Aed tole~anee l~m~t6 .

.. L~neaAity 06 the tUAb~ne6 ha6 been well with~n a~eeptabie
toleAanee l~mit6 .

.. PAoblem~ w~th valve 6tatu6 ~~gnal6 wa6 expeAieneed du~~ng the
6~A~t peAiod 06 opeAat~on .

.. P~oblem6 06 obta~n~ng an ae~eptable eal~bAat~on method tOA
the den6~tometeA6 ~t~ll exci~t.

F~g. 6 6how~ the di66eAen~e between 60UA ve6~el6 and the meteA
6tat~on.

FAom th~6 compaA~~on ~heet~ ~t i6 cleaA that ve66el A g~ve6
6y6temat~~ h~ghe~ 6~guAe than the meteA~ng 6tat~on wh~le ve66ei V
g~ve6 6y6temat~e loweA 6~guAe6.

It i6 not the intent~on heAe to d~6eu66 all the ,ouAee6 06
eAAOA~.

7
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Ali tunb~ne mete44 ~n ~env~ce a4e cal~b4ated at lea6t once du~~ng
each i.oad~ng.

Ba~ed on the cal~b4at~on data obta~ned ~o 6a~, the expe4~ence
w~th the tu4b~ne mete~ 004 P~opane ~env~ce6 can be ~ummani~ed a~
below.

Repeatab~l~ty i~ de6~ned a4 the dinnenence between the h~ghe~t
and iowe~t K-nacton 06 6~ve con~ecut~ve ~unh ~n pe4cent 06 the
mean K-6acto4.

F04 the Sn tU4b~ne meten4 an ave4age 4epeatab~l~ty 06 0.027 % hah
been expenienced.

Fan the 4n tU4b~ne meten an avenage nepeatab~iity 06 O.OlS % ha~
been expen~enced.

F~g. 7 ~how6 the l~nean~ty 06 an gn tunbine mete4 60n waten and
P40pane.

A4 can be 6een, the l~nea4~ty i~ about the.4a.me 604 both pnoduct6
60n the 6ame tU4ndown natio. Nonmal wonking 4ange i6 howeven sao
- 1200 m3Jhn ne6ulting ~n a linea4ity en40n 6an below the limit
6e:t by NPV.

8
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Fig. 8 ~how~ how ~he K-6ac~o~ 06 one 8" tu~bine mete~ ha~
developed ~ince ~ta~~ up.

So 6a~ i~ can be ~tated that the ~~abiLity ha4 been ex~~emely
good. Va~iation~ 06 K-6ac~0~ a~e wi~hin + 0.05%.

The accu~ate dete~mination 06 tempe~atu~e i6 outmo~t impo~tant.
All tempe~a~u~e ~en~o~~ a~e Pt-700 which a~e 4-w~~e connec~ed to
~he tempe~a~u~e t~an~mitte~~.

The t~an4mi~~e~4 a~e caL~b~a~ed once pe~ month. Fig. 9 ~how4 an
example 06 ~he 4tabili~y 06 4uch a t~an~mi~~e~. In addition to .
the4e calib~ation4, all tempe~a~u4e4 mea~u~ed du~ing loading4 a~e
compa~ed and checked to be within accep~able di66e4ence4.

Compa~i40n be~ween calculated den~ity acco~ding to COSTALV and
calculated den4ity 6~om den4itomete~ 4ignal~. hac ~evealed a
di66e~ence 06 1-1,5 %.

Since the COSTALV method ha4 been expe~imentaLly p~oven to an
accu4acy 06 0.4% and p40duct comp04ition a4e ve~y 4tabLe, the
COSTALV den4ity ha4 been u4ed ~o 6a~.

Rea~on 604 p~obLem4 wi~h the den4itomete4 ~eem~ to be
un4ati~6act04Y caLib4a~ian me~hod and di66icuLtie4 in
dete~mination 06 the velocity-06-~ound e66ec~4.

9
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CONCLUSION

We ~h~nk ~he Ka~4Zo LPG Me~e~~ng S~a~~on4 ha4 p~oved tha~
~ei~abie and aeeu~ate mea4u~emenz 06 l~qui6ied P~opane a~ -40°C
i~ po¢¢ible u¢~ng tu~b~ne meahu~ement.

The Mete~~ng S~at~on WO~k4 weil with~n the toiekance lim~t4 given
by the autho~itie4.

10
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FIG.4
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FIG.S

CALIBRATION OF THE BI·DIRECTIONAL
PISTON PROVER FOR PROPANE

110576 & 0578110577 & 0574110576 & 0574110577 & 05781

;==OE=T=EC=T=OR=N=O=.==::::::11 1 & 4 II 2 & 3 II 1 & 3 II 2 & 4 I
TAG NO. ZS ...

MB & R (7/12-84)
AT DANIEL IN FALKIRK 6706.888 6380.868 . 6543.336 6543.770
(LiTRES)

CON-TECH A/S (27/9-85)
AT KARST0 IN NORWAY 6704.859 6379.364 6542.154 6542.401
(LiTRES)

DIFFERENCE

I
+ 2.029

II
+ 1.504

II
+ 1.182

II
+ 1.369

I(LiTRES)

Lo-1_D_IF_F_E_RE_N_C_E_<_%_> II + 0.030 II + 0.023 II + 0.018 II + 0.021

MB & R = MOORE, BARRET & REDWOOD LTD.
CON-TECH A/S = CALIBRATION COMPANY IN STAVANGER



FIG.6

o .

KARST0 PLANT PROPANE METERING STATION COMPARISON
BETWEEN METERING STATION & SHIP FIGURES

SHIP METERING SHIP DIFFE· DIFFE· VAPOUR
STATION FIGURES RENCE RENCE RETURN
FIGURES

(TONNES) (TONNES) (TONNES) (°0) (TONNES)

A 16 596.1 16622.1 - 26.0 · 0.15 -
A 9976.3 10 037.6 · 61.3 · 0.61 -
A 8 296.7 8337.6 · 40.9 · 0.49 ·
A 12 611.9 12 619.6 - 7.7 - 0.06 -
A 12 613.1 12 645.1 · 32:0 - 0.25 ·
A 7350.2 7 383.9 - 33.7 · 0.46 ·
A 15 001.9 15 062.5 - 60.6 - 0.40 -

B 13 483.7 13 506.5 · 22.8 - 0.17 -
B 7354.6 7371.8 - 17.2 - 0.23 10.4
B 7355.4 . 7 359.0 - 3.6 - 0.05 -
B 6303.1 6306.4 - 3.3 - 0.05 0.2

C 13 661.8 13 648.3 + 13.5 + 0.10 -
C 13650.2 13 641.1 f 9.1 + 0.07 0.6

D 3 200.8 3 172.6 + 28.2 + 0.88 -
0 6869.9 6811.3 f 58.6 ! 0.85 -
D 6829.7 6795.5 t 34.2 ! 0.50 -
0 5250.0 5 236.5 + 13.5 + 0.26 -
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KARST0 PLANT PROPANE METERING STATION
T.URBINE METERFA-CTOR REPEATABILITY OVER RANGE
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FIG.8

KARST0 PLANT PROPANE METERING STATION
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KARST0 PLANT TEMPERATURE CALIBRATION
PROPANE METERING STATION
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kELLHEAD HETERING OF GAS/OIL/WATER PRODUCTION STREAMS

INTRODUCTION
Several prototype instruments for metering gas, oil and

water production rates at the wellhead and for monitoring multi-
phase flow in pipes have been developed by Texaco at the Houston
Research Center and by Rogaland Research Institute near Sta-
vanger, Norway, and the Institute for Energy Technology near
Kjeller, Norway, in collaboration with and under the support of
Texaco. The economic advantages of wellhead metering--especially
on offshore platforms and at subsea completions--and of improving
multiphase flow transport and handling systems are the driving
forces for these instrument developments.
details, and laboratory and field tests

In this paper, design
results of wellhead

metering instruments intended to acquire well test data are
presented.

The design measuremerit requirements of these prototype
wellhead production meters for acquiring well test data are to
determine gas and liquid production rates to within ±5% of full
scale, and percent water (% w) to within ±2% w for 0 to 10% w, to
within ±3% w for 10 to 20% w, and to within ±5% w for 20 to
100% w. (Percent water is 'defined to be one hundred times the
water volumetric fraction of the liquid.) The range of the meter
should (1) have a turndown of at least eight to one for the total
(gas plus oil plus water) volume flow rate at measuring condi-
tions, (2) span the anticipated gas/liquid ratios at measuring
conditions, and (3) span anticipated instantaneous water-cuts--
which usually range' from 0% w to several times the anticipated

.maximum daily average water-cut. (In many installations instan-
taneous water-cuts will range well above 40% wand measurements
from 0 to 100% w will be required.) These metering syste.ms--
especially those for subsea use--should have no moving parts and
no regions where solids accumulate. While the size of the meter



- 2 -

can be qui t e small, appropriate entrance and exit piping is
necessary in order to obtain the desired accuracies. Depending
on the type of multiphase flow meter, the entrance and exit
lengths vary from those of a single phase flow meter--i. e. ,
entrance length of 20 pipe diameters and exit length of 10 pipe
diameters--to much greater lengths. We envision the shortest
system (meter, and entrance and exit piping) designed to handle
18 t 000 BELlO and comparable volumes of gas to be approximately
four meters long.

The instruments under development in this program are
of two type s :
1. flow-nondisturbing instruments--non-intrusive instruments of

the same internal diameter as the production line (for
monitoring as well as metering multiphase flow), and

2. flow-disturbing instruments--intrusive and non-intrusive
wellhead meters with internal geometries different from that
of the production line.

At present neither type has any moving parts or solids-
accumulation points. Somedetails of the design of these instru-
ments and results of laboratory and field tests are presented
below. _

FLOW-NONDISTURBING INSTRL~NTS
The sensors of these Lnst rumenrs are either incorpo-

rated in a non-intrusive spool piece having the same internal
diameter as the entrance and exit piping, or are "clamped-onll to
the outside of the production pipeline. Obviously such instru-
ments have the very significant advantage of introducing no
changes in the production flow. They are consequently ideal for
monitoring multiphase flow in pipelines (for design data--such as
holdup) and for metering multiphase flow. However, metering with
these flow-nondisturbing instruments requires a precise under-
standing of the details of multiphase flow in pipes. The instru-
ments used to obtain the required information are discussed
briefly below. Enhanced versions of these instruments have



metered oil/gas flow successfully and are now metering oil/water/
gas flows.

One of these instruments measures the dielectric
distribution within the pipe with sensors external to the flow.
The first such system was developed by Mattar and Gregory.1 The
current system developed by Roga1and Research Institute and
Texaco has an axial spacial resolution on the order of one
millimeter, determines parameters describing the dielectric
distribution within a pipe cross section, measures the velocity
of propagation of dielectric transients, and has a pressure
rating of 3000 psi. Typical time traces for two sensors of the
system are sho~~ in Figure 1. The vertical axis is a function of
hold-up with high readings corresponding to high hold-ups. The
horizontal axis is time in seconds. These traces were acquired
while slug flow was present in the pipe. The upstream sensor
output is the upper trace and the downstream sensor output is the
lower trace. As is typical for slug flow the sensors alterna-
tively "see" gas pockets -- for example, from 8.0 to 8.8 seconds
on the upstream sensor -- and liquid plugs -- for example. from
8.8 to 9.4 seconds on the upstream sensor. Small bubbles in the
plug part of the slugs can be seen and correlated between the two
traces (for example, the bubble in the liquid plug ,in the up-
stream trace at 8.9 seconds corresponds to the bubble in the
downstream trace at 9.1 seconds). Furthermore, it is clear that
the gas pockets are moving at a higher velocity than the small
bubbles in the liquid plugs. Similarly the origin or seed of
pocket front disturbances (at 7.6 and 9.8 seconds) on the down-
stream trace can be seen (at 7.5 and 9.7 seconds) on the upstream
time trace. A much finer time scale than shown here is required
to exploit the full resolution of the instrument.

1 G. -A. Gregory and L. Mat tar , "An In-Situ Volume Fraction
Sensor for Two-Phase Flows of Non-Electrolytes," The Journal
of Canadian Petroleum Technology, April-June 1973, Montreal,
Canada.

- 3 -



Another flow-nondisturbing instrument, the Fast Volume
Weight Meter, measures the fluids distribution within the pipe
ViR nuclear techniques. Developed by the Institute for Energy
Technology and Texaco, this instrument measures the pipe-cross-
sectional liquid fraction or hold-up, determines parameters de-
scribing the liquid distribution within the pipe cross section,
measures the velocity of propagation of hold-up transients,
mounts on the outs ide of the production line and is "portable."
Counting rates as high as 800,000 counts per second are used to
determine the hold-up. Time traces from this instrument are
qualitatively similar to those of the dielectric based system
aside from variations due to nuclear statistics. This instrument
-- because of its unique capabi Li.ty to measure cross sectional
liquid fraction or hold-up -- is being used by SINTEF at the Two
Phase Flow Laboratory near Trondheim, and has been ordered by the
Harwell Laboratories, Atomic Energy Research Establishment for
their multiclient Pipeline Instrumentation Project.

Metering models are being developed for all flow
patterns with these systems. Tests performed at near atmospheric
and high pressures yield very similar metering results. Much of
the testing has been carried out at Texaco's Houston Research
Center. This facility has low and high pressure test loops. The
high pressure loop operates at pressures up to 500 psi with oil,
water and nitrogen gas. A test hole over 300 feet deep is used
to simulate wellhead flow. The fluids from separate gas and
liquid lines are merged at the bottom of the hole; the resulting
multiphase mixture flows to the surface in 2-, 3- or 4-inch pipe
and is used as a "wellhead production stream" to test metering
systems. Oil and water flow rates up to 7,000 EBLID and gas
rates high enough to produce annular flow in vertical 4-inch pipe
are available. Some test results obtained in July 1984, at
Texaco's Houston Research Center are shown in Figures 2 and 3.

Figure 2 displays the percent-of-value error of the
metered gas flow rates as a function of gas flow rate expressed
in actual cubic feet per minute on the horizontal axis and as a

- 4 -
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function of liquid flow rate expressed in U.S. gallons per minute
on the vertical axis.

percent-of-value error --100 * (metered - actual) / actual

The metered gas flow rates are in general within three percent of
the actual values. The error values are significantly smaller
when expressed in terms of percent-of-full-scale error.

percent-of-full-scale error - 100 * (metered - actual) /
(full scale)

All the error values are well within the accuracy requirements of
T 5 percent-of-full-scale.

Figure 3 displays the percent-of-value error of the
metered liquid flow rates as a function of gas and liquid flow
rates. All the error values are well within the accuracy re-
quirements of ±5 percent-of-full-scale except possibly the v~lue
at 500 feet3/hour and 73 gallons/minute.

The range of the instrument used to acquire the data in
Figures 2 and 3 has been extended, and the instrument has been
enhanced to also measure water-cut. Figure 4 displays the
percent-water error of the metered water-cut as a function of gas
and liquid flow rates for an actual water-cut of 0% w.

percent-water error = [(metered % w) - (actual % w)]

The values are all within ±l% wand satisfy the accuracy require-
ments of ±2% w for this range of water cuts.

Figure 5 displays the percent water error of the
metered water cut as a function of gas and liquid flow rates for
actual water-cuts of approximately 10% w. The results are within
the accuracy requirements of ±2% to ±3% w for this range of
water cuts.



FLOW-DISTURBING INSTRUMENTS
While these systems do disturb the production stream

flow, they do so in ways that are intended to
1. interfere minimally with production i.e., without

introducing high pressure drops or solids-accumulation
regions, and

2. provide accurate reliable metering.
These systems are intended for platform and subsea use. This is
the type of metering system Texaco currently plans to install
subsea first probably in the North Sea. Full details of these
instruments are not available for public discussion at this time.
One component of some of these systems is a microwave-based
water-cut monitor which has been developed by Texaco under
partial support by ARAMCO. Results of the most recent offshore
test of this water-cut monitor are presented below.

This microwave-based system, like capacitance probes,
determines water cut by measuring the fluid dielectric constant.
However, the microwave system accurately measures water cuts from
o to 100% w for water-continuous and oil-continuous systems and
does not suffer the problems associated with capacitance probe
measurements on water continuous systems. This water-cut monitor
system operates on the full oil/wa.ter/gas production stream to
measure the water-cut of the produced liquids.

Results of the most recent field test are shown in
Table 1. Flow rates of the tested wells are shown in BBL/D .. The
time duration of a well test was typically eight hours. The test
pressures ranged from 300 to 400 psi, and GOR's ranged from 300
to 400. The agreement is probably to within the accuracy of the
test separator system, and is well within well test accuracy
requirements. The displayed water cuts are the test-duration
averaged water cuts; instantaneous water cuts varied from 0 to
well over 80% w. This microwave test system was desi.gned to
handle up to 18,000 BBL/D and comparable volumes of gas, with a
pressure drop of at most 2 psi.

- 6 -
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SU~~RY
Prototype instruments have proved adequate to measure

flow rates to well test accuracies. Texaco's first subsea
metering system may be installed as early as 1987.



TABLE 1

COMPARISON OF TEST SEPARATOR AND MICROWAVE WATER-CUT MONITOR

PERCENT-WATER MEASUREMENTS
FLOW RATE#

6,100
7,670
6,950
5,780
7,500

10,710
6,450

11,260
6,640
5,590

11,320

TEST SEPARATOR MICRO\OJAVENONITOR

48.3' 46.8
30.2 30.4
"17.1 18.2

1.9 3.1
29.2 26.1

0.1 0.1
0.0 0.1
1.8 0.7
0.6 0.9
0.0 0.0

42.1 40.2

# Flow rate in BBL/D (barrels (42 U.S. gallons) of liquid
per day.

- 8 -
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SUMMARY

This paper reviews previous work to investigate the effect of upstream edge
sharpness on the discharge coefficient of orifice plates. It traces the
development of Standard requirements for edge sharpness and discusses the
need for more guidance in the manufacture and inspection of orifice plates.
The main methods in current use for the determination of edge radius are
outlined. Finally, the project being -undertaken at NEL to provide new
information on the effects of edge sharpness and other local defects on the
orifice coefficient is described.
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1 INTRODUCTION

While the use of orifice plates to measure fluid flow is well defined in the
current International Standard(l) there are some aspects of their
manufacture and inspection which are not specified in sufficient detail.

One area which gives particular difficulty and, on occasions, grounds for
debate is that of the edge sharpness requirement. Most people involved in
the use of orifice plates are aware of the great importance of the square
edge, but there is no convincing evidence to support the criteria for visual
inspection given in various editions of the Standards. For small pipe sizes
(less than 125 mm bore) the limiting edge radius of O.0004d is well nigh
impossible to achieve and measure. For larger sizes, the edge sharpness
requirement is easier to meet, but the rejection of plates showing 'any
peculiarities visible to the naked eye' may be unnecessarily stringent and
expensive.

Another deficiency in the current Standard is the quality of surface finish
of the downstream face of an orifice plate. Again qualitative, but not
quantitative guidance is given.

The NEL orifice plate project was therefore begun to investigate three
important topics:

a The effect of upstream edge sharpness to determine at what degree of
rounding the orifice coefficient begins to change.

b The effect of local damage to the upstream edge or face of an orifice
plate.

c The effect of the finish of the downstream bevel and the surface
roughness of the downstream face.

An important part of this project was the survey of previous literature,
covering earlier experimental work, and the evolution of the current
Standards. Equally important for the manufacture and testing of the orifice
plates was the provision of measuring instruments of sufficiently good
performance to resolve the small differences in the parameter being
investigated and their effect on the orifice coefficient.

2 PREVIOUS WORK

Probably the first relevant reference to edge sharpness effects was in the
early 1930s when Professor S R Beitler(2) examined microscopically the
edges of plates which gave coefficients that were higher than expected.
Although he considered them to be slightly rounded it was not possible to
measure the radius of that time without cutting up the plates.

It was not until the 1960s that a major experimental programme was attempted
in which measurements of both edge sharpness and the discharge coefficient
were measured. Herning(3,4) and his colleagues carried out a programme
of tests on a series of different diameter ratio orifice plates installed in
meter runs of 50, 100 and later, 150 mm diameter. The edges of the orifice
plates were progressively rounded with emery paper and a lead foil method
was used to measure the edge radius before each successive calibration.

The results of their work were best summarised in Fig. 6 of reference 4,
which is reproduced as Fig. 1 in the present paper. This shows that the



"d Upstream edge of orifice.
orifice shall be square and free
may be regarded as square if its
exceeds 0.0004d."

The upstream edge of the
from burrs or wire-edges. It
radius of curvature nowhere

effect of the edge depends only on the ratio of the radius of the edge to
the orifice diameter.

More recently, Crockett and Upp(5) made further tests using 75 mm
(3-inch) diameter plates of 0.2, 0.4 and 0.6 diameter ratio and used the
lead foil technique to determine the edge radius.

A little later Benedict(6) and his co-workers investigated the edge
effect with 0.5 diameter ratio plates in a 101.6 mm (4-inch) nominal bore
test line. Some of the plates were rounded to a radius of about 0.2 mm to
represent an extreme case of edge roundness. Both optical and lead foil
measurements were used to determine the edge radius.

All the above investigations were concerned with the effect of gross changes
of the edge radius. Another series of tests were made by Spencer, Calame
and Singer(7) in the 1960s on the production of orifice plates to the
then current standard and the errors that could arise if care was not taken
and the quality of finish required was not obtained.

3 STANDARDS

The first international standard on orifice plates(S) was published by
the International Federation of the National Standardising Associations
(ISA) in 1936. It included a graph showing the effects of 'dullness' of the
edge. No qualitative description of this 'dullness' was given, but the
graph is believed to have resulted from the work of Witte in the early
1930s.

Owing to the difficulty of measuring edge radius, most subsequent Standards
seem to have specified that the edge be sharp and left it to the user to
satisfy himself that this has been achieved. Little guidance has also been
given on how to machine a satisfactory sharp edge, quite a problem for some
materials, especially for small orifice diameters.

In the ASME Power Test Code(9) PTC 19.5; 5-1959 it states:

"e The inlet edge of the orifice shall be square and sharp,
free from either burrs or rounding, so that when viewed without
magnification a beam of light is not reflected visibly by the
edge."

The German Standard DIN 1952 published in 1963 commented that a reflected
ray of light from a rounding radius of 0.05 romis just visible to the naked
eye(10). It was concluded that visual inspection could only be
justified if the bore diameter was greater than 125 mm at which value the
edge radius would be O.0004d, the criterion given for a sharp edge.

The revised British Standard BS 1042(11) published in 1964 included the
same criterion for the sharp edge in the specification of the orifice plate.
Clause 54 contained the following requirement:

Elsewhere in the same standard some guidance was given on how to produce
such an edge. Clause 40 included the statement:

2
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"A high quality of manufacture is necessary to meet the
requirements detailed in Sections Seven to Fourteen especially
for devices to be used in smaller sizes of pipe. The square
edge of orifice plates may conveniently be produced by taking a
fine cut, from the centre outwards, after the orifice has been
bored; polishing or cleaning with emery cloth is not advisable.
There must of course be no burrs or wire edges."

ISO 5167, 1980 which was adopted as BS 1042, 1981(12) incorporated
basically the same message in Clause 7.1.6.

"7.1.6 Edges G, H and I

7.1.6.1 The upstream edge G and the downstream edges H and I
shall have neither wire edges, nor burrs, nor, in general, any
peculiarities visible to the naked eye.

7.1.6.2 The upstream edge G shall be sharp. It is considered
so if the edge radius is not greater than O.0004d.

If d ~ 125 mm this condition may generally be considered as
satisfied by mere visual inspection, checking that the edge does
not seem to reflect a beam of light when viewed with the naked
eye.

If d < 125 mm visual inspection is not sufficient but this
condition may generally be considered as satisfied when the
upstream face of the orifice plate is finished by a very fine
radial cut from the centre outwards.

However if there is any doubt as to whether this condition is
satisfied, the edge radius must be actually measured."

Fig. 2 is a reproduction of the drawing of the ISO standard orifice plate
and indicates the edges G, H and I referred to the text quoted above. No
guidance is given in the Standard on how the edge radius should be measured.
A Code of Practice for ISO 5167 is being prepared and this will include
brief notes on three suitable techniques, viz lead foil, casting and stylus
methods. These, and a few other possibilities, are described in the
following section.

4 METHODS OF MEASURING EDGE SHARPNESS

From the foregoing it is apparent that visual inspection is a valuable
pre-requisite to a more sophisticated method of measurement even though it
cannot give quantitative information. A truly sharp edge will not reflect a
beam of light whereas if a line of light is seen it can be concluded that
the edge is rounded.

4.1 Optical Method

This method was proposed by Mr A Aschenbrenner of PTB about 1970 and was
described by Brain and Reid(13). A narrow beam of light was directed on
to the edge of the plate at an angle of 45° to the tangent, Fig. 3. When
viewed through a microscope at 900 to the beam, but in the same plane, the
rounded edge was seen as an ellipse. The radius of curvature was estimated
by measuring the distance from the intersection of the reflected light beam
to the tangent of the ellipse. Unfortunately the amount of light scattering
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which occurred, blurred the image so the position of the tangent was a
matter of judgement on the part of the operator.

The same method was used by Benedict(6) in the mid 70s and good results
were claimed.

4.2 Lead Foil Technique

Herning described the lead foil technique for measurement of the orifice
edge profile which he developed while working for the Ruhrgas Physical
Laboratory in Germany. A small piece of lead foil about 0.1 mm thick was
clamped in a holder so that a small piece projected. The holder, and
protruding foil, was moved at an angle of 45° against the orifice edge to
give an impression which could be projected on to a screen to facilitate
measurement. So as not to bend the foil the depth of the impression was
kept below about 0.3 mm.

This technique was refined by Jepson and Johnson(14) at the British Gas
Corporation Engineering Research Station as some difficulty had been
experienced in getting repeatable impressions. They developed the gauge
shown in Fig. 4 which could be clamped to the orifice plate along the
appropriate marked diameter and a micrometer adjustment used to present the
foil to the edge. The lead foil holder could be removed from the gauge for
examination using shadowgraphing equipment. Radii down to 0.005 mm could be
measured by this method.

4.3 Casting Method

While the lead foil technique produced accurate replicas, they were easily
damaged. Gallacher(15) of NEL sought to make a permanent replica which
would facilitate microscopic examination. He developed the method in which
a liquid cold-forming plastic was poured into a wax or plasticine mold
surrounding the location on the orifice plate to be measured, Fig. 5. When
hardened, the casting can be removed, sliced and polished to a reference
line thus forming a perfect replica of the original edge. Results accurate
to 0.005 mm have been obtained.

4.4 Stylus Method

This method is based on a development of the well known 1Talysurf' roughness
measuring machine, or its equivalent, which is used to measure the surface
finish of plates. By reducing the sensitivity of the machine in the
vertical direction to that in the horizontal, a sufficient range can be
obtained to examine the edge. A typical record is shown in Fig. 6. Because
the roughness of the surface is not of prime interest, and the sensitivity
is reduced, it is unnecessary to use a pointed stylus. A small spherical
ball, which can be manufactured and measured to fine tolerances, is commonly
used being less likely to wear, but of course due allowance must be made for
the radius of the ball itself. Magnifications of up to 500 times have been
successfully used.

4.5 Assessment of Radius

The lead foil, casting and stylus methods all enable the operator to obtain
an enlarged trace of the edge itself. As can be seen from the various
illustrations, this is seldom a true circular arc and the estimation of the
mean radius depends to some extent on the skill and experience of the
operator. Sets of standard radii enlarged to the correct degree of



The first phase of the test programme is to investigate the effect of
upstream edge sharpness. Beginning with a radius of about O.OOOld one plate
of each diameter ratio is being successively rounded in increments towards a
radius in excess of O.OOld and the plate calibrated each time.

magnification and printed on transparent plastic film can be used as
overlays on the traces of the edge in order to assist with the estimation of
the radius. However, as those who have tried this procedure will
appreciate, this is not a simple operation.

Some of the instruments used for the stylus method facilitate the use of
curve fitting routines. Sets of x and y coordinates defining the locus of
the stylus can be down-loaded to a micro-computer and the best fit circle
obtained for the curved region. Care has to be taken to define the length
of trace to be fitted as the points of tangency may not be clear. This may
be helped by examining a plot of the residuals obtained after subtracting
the best fit circle from the points selected. It is also a simple matter to
allow for the radius of the stylus.

It should perhaps be stressed that this curve fitting routine is intended to
augment rather than replace the visual assessment of edge sharpness with the
aid of overlays if appropriate. The main purpose is to accomplish the same
task, but to remove some of the subjectivity from the assessment.

5 NEL EQUIPMENT AND TEST PROGRAMME

As all known previous work was limited to pipes of diameters of 150 mm or
less it was decided to base the current measurements on 300 mm (12-inch)
nominal bore pipe as being more representative of the sizes commonly used
for gas transmission. Three diameter ratios were chosen; 0.4, 0.6 and
0.75, again typical of those in use, giving orifice bores of 120, 180 and
225 mm respectively. A Junior orifice fitting was chosen to facilitate
repeated removal and replacement of the test plates.

The flow tests are being made in air using a set of three venturi nozzles in
free inlet condition as reference flowmeters. Each nozzle is sized to
correspond to one of the three orifice plate diameter ratios in order to
give comparable ranges of differential pressure which is being measured
using Betz manometers.

In addition to the usual measurements of orifice bore, concentricity,
thickness, surface roughness etc, the edge sharpness is being measured at
eight positions round the orifice using both the stylus method and by means
of cast plastic replicas. NEL has recently bought a Rank Taylor Hobson
Talycontor instrument for this purpose, although the replica casting
technique has been available for several years.

The second phase will investigate the effect of local damage introduced to
the upstream edge and gradually extended round the circumference.
Calibrations will be carried out to determine how extensive the damage has
to be before the orifice coefficient is significantly affected.

The third phase will comprise a series of tests to investigate the effect of
imperfections on and roughness of the downstream side of the orifice plate.

This work is currently at an early stage and is expected to take a further
12 months to complete.

5
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EXPERIENCE WITH COMPACT PROVERS AND PULSE INTERPOLATION AT NEL

R Paton
National Engineering Laboratory

SUMMARY

Two compact meter provers have recently been evaluated at NEL. Drawing
from the results of these evaluations, the paper provides an assessment of
the general features common to compact provers. The test and calibration
data are presented and the reasons for SOme anomalies and limitations in
use are explored in SOme detail.

The paper ends with some guidelines for operators of compact provers, and
recommendations for further work.
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1 INTRODUCTION

Compact provers are now available commercially and are being used in both
fiscal and non-fiscal applications. Differing reports as to their effec-
tiveness are being given, some users providing very good reports, for
example in respect of repeatability and reliability, while others are less
enthusiastic.
In order to provide a detached evaluation of the main characteristics of
compact provers NEL is presently carrying out a systematic programme of
tests on a range of commercially available units.

This paper is concerned only with compact provers as generic devices, and
not with an assessment of the performance of individual units, so that
common characteristics such as their effectiveness as calibrators of
different meter types, and the performance of the pulse interpolation
systems used with them are discussed, rather than the individual
repeatability and accuracy levels of each manufacturers device.

The feature of meter calibration is common to both provers, as a result
the information has been presented without identifying the prover from
which it was obtained.

2 CALIBRATION OF METERS

Calibrations of different types of meter - turbine meters, sliding-vane
type displacement meters and vortex meters were carried out using the
compact provers. In each case the calibration of the meter using the
compact prover was compared with the calibration using the NEL gravimetric
standard. In all the tests the average meter factor, computed from a

.number of meter passes, normally six, was taken.

It is evident from each of these comparative calibrations that a small
systematic difference exists between the two curves, arising from slight
errors in the value of the base volume supplied by the two manufacturers.

The two turbine meter calibration curves (Fig. 1) are approximately
parallel showing good agreement between the prover and the NEL system,
with the compact prover showing slightly better repeatability than the
gravimetric system.

The comparative calibrations of an Avery Hardoll 3-capsule displacement
meter with a high resolut~on shaft encoder fitted directly to the output
shaft are shown in Fig. 2. In this case the meter pulses were divided by
six to overcome frequency limitations before being counted by the prover.
For comparison purposes the meter factor obtained from the prover system
has subsequently been divided by six. Again the calibration curves are
parallel with the prover repeatability being superior, in cornmon with
other volumetric methods, to the gravimetric calibration.

However, an identical meter with a gearbox and pulse generator shows a
different calibration (Fig. 3). In this case the prover calibration
repeatability increases by about a factor of 10 while the repeatability
obtained from the gravimetric calibration remains virtually unchanged.
No evidence of hysteresis was found.

A smaller single capsule version of the previous meter was calibrated and
the curves are shown in Fig. 4. Again two parallel calibration curves are



obtained, with the prover giving slightly poorer repeatability than the
gravimetric system.

Finally, the comparative calibration of a vortex meter is shown in Fig. 5.
Although less linear than the previous calibrations the two curves are
again parallel, with the gravimetric calibration repeatability being
better than the prover calibration.

3 SINGLE PASS REPEATABILITY

On the discovery of the anomalous repeatability behaviour described in the
previous section, the technique of averaging prover passes was
investigated.

~

i
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I
I

The same meters were used and, at a fixed flowrate, the meter pulses from
a number of passes were collected. The results are shown, for the 4-inch
turbine meter, in Fig. 6, where both the meter factor from the individual
passes, together with the running average of the meter factor, are shown.

The results from the 3-capsule positive displacement meter with no gearbox
are shown in Fig. 7. Here the running average of the meter factor
decreases slowly for the first 50 passes before settling to a steady
value. The scatter of the individual passes is about ±O.05 per cent.

The individual pass results scatter by about ±0.04 per cent and the
running average settles out after about eight passes, although even at 50
passes some fluctuations are still evident. A general decrease in average
meter factor over 50 passes is also observed.

The meter fitted with a gearbox (Fig. 8) shows a scatter greater than
±O.S per cent on the meter factor from individual passes; the running
average meter factor settles to a comparatively steady value after about
15 passes, but here the subsequent variations are still larger than those
found with the meters without a gearbox.

Similar effects are observed for the smaller P.O. meter with gearbox
(Fig. 9) and the vortex meter (Fig. 10), although the magnitude of the
scatter is less than with the meter with gearbox case.

4 PULSE PERIOD MEASUREMENTS

2

In the previous section large variations were found in the repeat-
abilities of the meter factors obtained from different meters. It was
also shown in Figs 1-5 that increasing the total number of pulses
collected does not necessarily lead to an improvement in the repeat-
ability. The source of this anomaly was investigated by first studying
the variation in individual pulse periods obtained from the different
meters.

A micro processor controlled time interval measurement counter was
designed and built at NEL, allowing the measurement of the time stability
of individual pulses. Up to 100 consecutive time intervals can be
measured, stored and reproduced. Using this unit the variations in pulse
period of four of the five meters described previously were measured.



The results from the 4-inch turbine meter are shown in Fig. 11. A
distinct pattern is observed. 'Every eighth pulse has a significantly
shorter period. Since the meter has eight blades this presumably shows
that one blade is unevenly spaced on the hub. The meter shows a random
fluctuation in pulse period of about 1.5 per cent with the cyclic effect
being around 3 per cent. This gives a maximum scatter of about 4 per
cent.
The divide-by-six circuitry was not available at the time of these tests
to allow testing of the P.D. meter with the shaft encoder. The P.D.
meters with gearboxes were tested, however and the results are shown in
Figs 12 and 13.
Both meters show a similar pattern although the magnitude of scatter is
very different. The meters show three separate effects. First, a cyclic
effect with a period around 250 pulses corresponding to a revolution of
the rotor inside the meter. For the large meter this has a magnitude of
around 35 per cent while for the smaller meter it is around 10 per cent.
The second effect is of two short periods followed by one long. This is
repeated every 26 pulses, marked by * on Figs 12 and 13, and must be due
to some characteristic of the gear train. The magnitude of this effect is
around 10 per cent for both meters. The third effect appears to be of a
random nature with a magnitude of around 4 per cent for both meters. (The
larger meter was found to have a fault which was rectified before timing
tests were carried out. If this fault was present when the meter was used
with the provers, it would have meant that the pulse stability was poorer
during the calibrations.)
Finally the vortex meter appears to have a random pattern with a magnitude
of around ±4 per cent. The apparent cyclic effect in Fig. 14 is not
constant in either period or amplitude and is not maintained in other tests.

It is clear from these results that the meter pulse period stability is
the main feature to be considered when using compact provers. It is also
clear that the complexity of different cyclic effects will certainly make
prediction of behaviour difficult.
The reason why the pulse fluctuation has such a large effect is that so
few pulses are collected when a compact prover is used, in contrast with a
conventional calibration system. The effect of increasing pulse period
variation appears to be to remove any advantage gained by using pulse
interpolation at low numbers of collected pulses.

It is estimated that at fluctuation of around 15 to 20 per cent, pulse
interpolation gives no benefit in repeatability at all. This has been
confirmed by computer simulation, to be published in a separate report.

Until simultaneous calibration and timing tests are carried out, care
should therefore be taken in assuming that'the pulse stability reported
was the same during calibration of the meters.

5 CONCLUSIONS AND RECOMMENDATIONS

1 Compact meter provers are extremely good volume calibrators, but have
problems calibrating certain types of meters.

3
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2 The technique of averaging results from meter passes appears to be
acceptable. However it is proposed that ten passes should be the maximum
number to avoid long term drift effects. Also it appears that the scatter
on the averages is a factor of about eight times less than the scatter on
the individual passes.

3 Meter outputs should be monitored for pulse period stability before
being proved.

6 FURTHER WORK

1 Meter manufacturers should be encouraged to examine their meters and
to improve the stability of pulse generation without recourse to phase-
locked loops.

2 More detailed guidelines should be drawn up to advise on repeat-
ability levels as a function of pulse stability and numbers of collected
pulses.

NEL has been working on this and will repeat the results given here along
with correlating these with computer simulations.

3 An electronics or prover manufacturer should examine the possible
design of a pulse timing monitor to provide users with the pulse variation
information they require.

The sophistication required of this device will not be known however until
more details of the guidelines regarding cyclic effects are known.
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THE RELATIONSHIP BETWEEN THE NUMBER OF PASSES
AND THE ACCURACY OF A COMPACT PROVER
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and Instrumentation
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SUMMARY

Compact provers are becoming increasing] y attractive for use within
the petroleum industry. At present their use is based on practices
which were devised for conventionaJ provers and whicll are not
necessal'ily the best ·way of utilising the newer devices. In
part icular the abi Ii ty of the compact prover to carry out large
numbers of passes in a short period of time suggests that a
statistically-based approach should be adopted. This paper discusses
possible alternative methods and considers the statistics involved.

1. INTRODUCTION

It has been accepted in the petroleum industry for many years that a
meter is proved in-situ by carrying out several runs against a
proving device as the reference standard; from each of these a meter
factor' (K-factor) is determined and the process continues until a
specjfied number (usually 3 or 5) of successive values fall within a
certain percentage range of each other. The mean of these values is
then taken as the meter factor.

This approach was originally developed for use with conventional
"sphere-type" provers for which each proving run involves the
metering of a large amount of fluid; with the advent of the compact
prover the same method has continued with the modification that each
run consists of several passes, the average meter factor being taken
as the value for the run. The use of mUltipJe pa~ses is based on the
fact that most meters exhibit a certain amount of intra-rotational
non-linearity (IRNL); a meter factor based on metering a small amount
of fluid is therefore suspect. An idea of the magnitude of the IRNL
is given by the number of passes required per pr-ovf ng run: for a
turbine meter this is usually between 1 and 5, while a posi tive
displacement meter will generaJJy require between 5 and 20 passes per
proving run to satisfy the same criterion.

The main cause of IRNL in a turbine meter is the mechanicaJ tolerance
between the points triggering the pulses. This effect is greater
when the rotor j s not shrouded _ In that case the blade tips are
counted and the IRNL arises from the inaccuracies in the angular
positions of the blades; for a shrouded rotor the pulses are usually
generated by slots or buttons which are positioned to a much tIghter
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tolerance with a consequent reduction in the IRNL. In either case
the effect is cyclic wi thin one rotation of the rotor, i.e. it is
genuinely intra-rotational.

With a positive displacement meter the cause of the IRNL is generally
the gear train between the metering element and the pulse
transmitter. The main problem comes from non-concentricity between
gears; with multiple gear trains and an adjusting mechanism involved,
the cyclic effect can be over a long period, i.e. the non-linearity
may not be truly i~tra-rotational.

Although the use of a set number of passes for each proving run has
enabled the compact prover to be brought within the framework of the
conventional proving technique it is not clear that this is the best
way in which the compact prover can be utilised. Clearly the
presence of the IRNL means that each pass of a compact prover cannot
be used in the same way as a single run of a conventional prover: the
amount of fluid metered is too small for this approach to succeed.
However, each pass provides information which can be used if a more
statistical approach is adopted; at present much of this information
is discarded.

In the next section we shall consider three different proving
techniques: the first is the current approach, the second a
modification of it designed to make more use of the statistical
information available and the third a more purely statistical
approach which dispenses with the idea of a proving run consisting of
a number of passes. (The statistical basis of Methods 2 and 3 is
outlined in the Appendix.) Each method will be applied to the data
given in Table 1. relating to a 6" turbine meter at a flowrate of
1690 GPM; the data are also shown graphically in Figure 1.

2. PROVING TECHNIQUES

2.1 Multiple pass runs

This· is the system outlined at the start of the Introduction. Runs
are carried out (each consisting of a number of passes) and the
results compared until a number of consecutive runs produce
sufficiently close figures; taking a range of 0.04% (i.e. zO.02%) as
acceptable this will occur when

high - low
mean x 100 , 0.04 (1)

over the chosen number of runs (usually 3 or 5). The mean calculated
from these runs is then taken as the meter factor. There is
flexibil ity in this method over the selection of the number of
consecutive runs to be considered and also over the number of passes
per run. It is the latter factor which we shall consider.

2.1.1 Method 1: fixed number of passes

One way of establishing the appropriate number of passes per run
would be to estimate all the uncertainties involved in the proving
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operation. including that due to the IRNL. Adding these in
quadrature (root-sum-square method) gives the total uncertainty in
the measured meter factor on each pass. The number of passes can
then be selected to reduce this uncertainty to an acceptable level.
This number of passes will then be sufficient to prove any meter for
which the uncertainties fall within the assumed values.

Adopting this approach is possible but its value is totally dependent
on the validity of the assumptions which have to be made. The IRNL
is particularly diff icul t to estimate because although it may be
regarded as part of the prover's uncertainty (owing to the small
volume) its size cannot be estimated from test runs on other meters.
In general it is unlikely that the use of data involving various
meters can be used to provide useful estimates of the uncertainties.
Such estimates can really only be used as 'worst case' figures
because of the difficulty in assessing how much of the uncertainty
comes from other sources, for whiCh only upper bounds are known.
Only if the total uncertainty in the results is within limits which
are acceptable for the prover itself can these data be used to
justify the general use of a particular number of passes per proving
run.

The simplest application of this approach is to use a number of
passes based on experience with the particular types of meter and
prover being used, say 5 passes per run for a turbine meter and 10
for a positive displacement meter. Although this approach is very
simplistic it does hold good for the majority of such meters. The
disadvantage is that it ignores the inherent statistical nature of
the operation because

(i) no account is taken of the number of runs carried out before
achieving the ones which are sufficiently close.

and (j i) the resulting K-factor is presented with an indication of
the spread of the figures from the final runs but this is
not expressed in the more meaningful form of confidence
levels.

Applying this method to the data in Table I, based on 3 successive
runs being within a range of 0.04%. yields a K-factor of 22.42912
with a range of ~0.011%.

2.1.2 Method 2: number of passes calculated using standard deviation

The second method of estimating the number of passes required per run
is to take the prover to the meter and carry out a 'large' number of
exploratory passes (20 should be sufficient). On the basis of the
data thus gained it will be possible to calculate the number of
passes needed per proving run to satisfy the appropriate criterion.

Once established. this number could be entered on the meter control
sheet and used for f'utur-e provings; it is, however. preferable to
carry out the whole procedure on each occasion so that any decline in
meter and/or prover performance can be detected.



Two advantages arise from this method. Firstly. it involves no
assumptions about the size of the IRNL of the meter being proved (or
indeed about any other meter. prover or system uncertainties) for
which the appropriate adjustment is automatically made. Secondly, it
gives an early indication if excessive uncertainties are present,
whatever their source; the statistics of the initial exploratory
passes indicate this in a way which will be discussed later in this
section.

4

The method for estimating the number of passes indicated above is
based on conventional statistical calculations, the details of which
are contained in the Appendix. If eacc Is the acceptable error for
the meter factor from each proving run, expressed as a proportion of
the actual meter factor (percentage error = 100 x eacc)' we find from
(A9) that the number of passes per run can be taken as the smallest
integer M for which

m (2)

Here Xn is the mean meter factor from the n initial passes, sn is the
corresponding estimate for the standard deviation (given by (A2}),
and tn-I, .975 is the appropriate percentage point of the Student's-t
distribution with n-l degrees of freedom.

-Applying this method to the data of Table 1 we find that Xzo=22.42954
and sz0=.0084913; if the acceptable percentage error is ,*=0.02%we
require, from (2), the smallest m greater than

{ 0.0084913 x 2.093
0.0002 x 22.42954

This results in 16 passes per proving run. Carrying out the proving
runs then generates a K-factor of 22.42947 with a range of 0.006%.

[Note: To provide sufficient data values the original 20 have been
repeated. In practice the initial set of passes would not form part
of the proving runs at all.]

Although this technique will always provide a number of passes to be
used, it is possible that the uncertainties present in meter, prover
and system may be too great for proving to the required accuracy to
be worthwhi Le , The question arises: how should such a problem be
recognised? Excessive total uncertainty corresponds to s, and thus
sn. being large. If the acceptable limit on s is given as sace
(expressed as a proportion of the correct meter factor), we can be
confident that s is not excessive if

< sacc (3)
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It is important to recognise the distinction between eacc and sacco
The first is the accuracy to which the meter factor is required. the
second indicates the level of overall repeatability of the meter.
prover and system which is regarded as acceptable. In fact sacc is
likely to depend on eacc: a greater uncertainty can be tolerated if
lower accuracy is required.

Using the data from Table 1 we find that
A

sZo
0.000378576 .

Thus the overall repeatability corresponds to a standard deviation of
about 0.038% of meter factor. It may well be that this is not small
enough to make it worthwhile proving the meter to an accuracy much
higher than that chosen above. but the appropriate cut-off level
would depend in part on the use which was to be made of the meter.

A precis of the approach is therefore:

1)

2)

3)

4)

5)

6)

Obtain data from 20 passes
-Calculate the standard deviation estimator SlO

Calculate the average K-factor Xzo
Check that the total uncertainty is acceptable
Calculate the number of passes required per proving run
Carry out the proving runs.

2.2 Individual passes

2.2.1 Method 3: running evaluation of meter factor

In the previous method use was made of statistical information from a
number of passes to refine the existing method of meter proving.
However. the use of runs. each consisting of several passes, is
really not necessary at all and has only arisen so that the compact
prover can be used in a similar way to the conventional prover. With
a microprocessor to carry out the statistical calculations there is
no reason why a series of passes should not be carried out,
continuing until the average meter factor can be claimed to be
sufficiently accurate at the required confidence level, i. e. unti 1
after n passes

A

sn tn-I •.975

where eacc is again expressed as a proportion of meter factor. As
indicated for Method 2, the value of SnlXn gives the uncertainty of
the meter, prover and system; the proving can then be abandoned if sn
is too great.
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100 x- 100 x
-sn tn-I,.975

Applying this technique to the sample data, aiming at an acceptable
error (eacc) of ~0.02% of meter factor, yields the following results:

At this poin~ the current value of Xl3 would be taken as an
acceptable estimate of the K-factor.

n

1
2
3
4
5
6
7
8
9

10
11
12
13

K-factor

22.4381
22.4238
22.4334
22.4275
22.4276
22.4137
22.4401
22.4291
22.4309
22.4330
22.4211
22.4259
22.4326

22.43095
22.43177
22.43070
22.43008
22.42735
22.42917
22.42916
22.42936
22.42972
22.42894
22.42868
22.42898

3. COMPARISON OF RESULTS

-
.In Xn

0.04508
0.03249
0.02818
0.02518
0.03737
0.04031
0.03732
0.03501
0.03340
0.03374
0.03241
0.03140

0.40502
0.08072
0.04485
0.03126
0.03922
0.03728
0.03120
0.02691
0.02389
0.02267
0.02059
0.01898

Applying the three methods to the test data in Table 1 for a 6"
turbine meter resulted in:

Method 1
Method 2
Method 3

22.42903 (range 0.011%)
22.42947 (range 0.006%)
22.42898 (~0.02% at 95% confidence level).

These agree to within 0.0022%.

Table 2 contains data from a 4" positive displacement meter with a
pulse transmitter mounted above the accuracy adjuster in the
conventional manner; the data are plotted out in Figure 2. Applying
the different methods gives:

Method 1
Method 2
Method 3

39.88164 (range 0.013%)
39.88305 (range 0.005%)
39.88193 (~0.02% at 95% confidence level)

These agree to within 0.0035%. [Note: Only 3 successive runs have
been used for Methods 1 and 2, and 5 passes per run for Method 1.]

The question remains: what happens when an attempt is made to prove a
'bad' meter. Table 3 gives data from a 6" positive displacement
meter in which the coupling between meter and off-take has been
deliberately off-set to give a high IRNL. Using Method 1 we find
that the meter can only be proved easily if a very large error range
is acceptable. (There are insufficient data for a more specific
statement to be made.) Method 2 indicates that 1355 passes per
proving run would be necessary for a range of 0.04%: this is a clear
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indication of trouble. Method 3 fails to produce a result within 20
passes unless an accuracy as large as 20.2% is given. Methods 2 and
3 also give a standard deviation estimate of 0.35% of meter factor:
this would undoubtedly be regarded as excessive, indicating problems
with meter, prover or system, and proving would not continue.,

I
4. CONCLUSIONS

Three methods of meter proving using a compact prover have been
considered. The first is the current practice of using a standard
number of passes (5 or 10) per proving run and continuing until
successive runs are sufficiently close to satisfy an acceptance
criterion. This procedure will generally work but involves throwing
away a lot of valuable statistical information.

E1ther of the alternative methods discussed takes more account of the
statistics of the operation. Method 2 represents a compromise
between a strictly statistical approach and the existing practice:
the result is still obtained and expressed conventionally, but the
number of passes used per run is determined statistically.
Additionally, a check is made to ensure that the combined
repeatability of the meter, prover and system lies within acceptable
bounds before the proving runs are conducted. This gives greater
confidence that the final result is meaningful. Method 3 dispenses
with the idea of proving runs comprising a number of passes, and
simply uses the outcome of each pass directly. By this technique the
proving time is reduced to a minimum, the repeatabiIi ty is checked
and the result can be presented in terms of an error bound and its
associated confidence level. It is felt that, given the nature of
the proving operation, this would be a more satisfactory approach.
The use of such a method (or Method 2 if the number of passes per run
is calculated afresh before each subsequent proving) requires a
microprocessor to carry out the calculations involved but the program
would be a simple one, incorporating a look-up table for the
Student's-t values, and this is not seen as a problem.

The ~tatistics presented in this paper are based on the assumption
that successive passes can be regarded as independent, normally
distributed random variables. However, Figures 1 and 2 both suggest
an underlying periodicity which is not accounted for in the
statistics; this has also been observed in other sets of data. The
effect of this is that the theory tends to overestimate the number of
passes required per proving run when Method 2 is adopted because the
periodicity causes the mean K-factor to settle down more quickly than
would otherwise be the case. As far as Method 3 is concerned it is
unlikely that the periodicity would have a detrimental effect unless
the complete set of passes occupied less than one or two periods of
the oscillation.
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lAPPENDIX

This appendix contains the statistical basis for the discussion in
the main text. It is assumed that the meter factor found from a
single pass can be regarded as a normally-distributed random variable
with mean ~ (equal to the correct meter factor) and standard
deviation 5 (corresponding to a variance of Sl); the passes are
assumed to be statistically independent.

From n passes. estimators can be computed for IJ and s. given by
n- .! 2 (AI)Xn n Xi

i=1
and

n
-l 1 2 ( Xi - Xn )l (A2)sn (n-l)

i=1

from which
( Xn - 11 ) .tn

N(O.I) (A3)s
and

(n-l) -z5n Zxn-l (A4)
SZ

N(O.1) is a normal distribution with mean 0 and standard deviation 1.
x~-1' is a chi-squared distribution with n-1 degrees of freedom.

For Method 2. we consider an initial set of n passes followed by
proving runs of m passes each, where m is determined from the initial
set. Combining (A3) and (A4). with m replacing n in the former, we
find

( Xn - 11 ) ,,1m

(A5)

where tn-1 is the Student's-t distribution with n-1 degrees of
freedom.
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We can therefore be 95% confident that
-Xm - ,.,. ~

sn tn-I,.975
< (AS)

,1m 1,.,.1

Now,.,.is not known but we have an estimate for it, given by (AI).
The error introduced by substituting this for JJ. in the above
expression is small and we can be effectively 95% confident that

< (A7)

~
sn tn-I,. 975

,1m IXI

Thus m can be chosen on the strength of the initial set of n passes
to be the smallest integer m for which

.-sn tn-I, .975
< eacc

.1m IXnl

- 2

{ sn tn-I, .975 }.. m >
eacc Xn

(AB)

(A9 )

where eacc is the acceptable error in the meter factor calculated
from each proving run, expressed as a proportion of the actual meter
factor (percentage error = 100 x eacc)'

For Method 3 the passes are considered individually and the
statistical calculation updated after each one. Identical reasoning
to that above shows that after n passes we can be effectively 95%
confident that

-sn tn-I ..975
< (AID)

Once the term on the right of (AID) falls below a predetermined
accuracy figure we can be confident that the running average to that
point is satisfactory as an estimate of the meter factor.
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TABLE 3

6" p.d. meter (misaligned)

Pass No K-factor

1 100.1371
2 99.5347
3 99.9230
4 100.0872
5 100.4572
6 100.5970
7 100.4058
8 100.4318
9 99.5435

10 99.7330
11 99.6846
12 100.3115
13 100.0221
14 100.4590
15 100.2056
16 100.7953
17 100.2924
18 99.9690
19 100.0084
20 100,4572

TABLE 1 TABLE 2
6" turbine meter 4" p.d. meter

Pass No K-factor Pass No K-factor
1 22.4381 1 39.8617
2 22.4238 2 39.8629
3 22.4334 3 39.8878
4 22.4275 4 39.9080
5 22.4276 5 39.8749
6 22.4137 6 39.8693
7 22.4401 7 39.9042
8 22.4291 8 39.8810
9 22.4309 9 39.8649

10 22.4330 10 39.9020
11 22.4211 11 39.8850
12 22.4259 12 39.8703
13 22.4326 13 39.8954
14 22.4247 14 39.8959
15 22.4339 15 39.8613
16 22.4397 16 39.8875
17 22.4091 17 39.8888
18 22.4426 18 39.8739
19 22.4285 19 39.8748
20 22.4355 20 39.9110
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FIGURE 2: 4" PD METER
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FIGURE 3: 6'.' PD tv'1 ETER ( tv11S,L\LlGNED)
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