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Qm = Constant x V Diff.pressure x Density

• THE COST OF SYSTEMATIC ERRORS

In accordance with good and accepted principles
of teaching, I will use my part of the opening
lecture to motivate you for this course.

One of the ways to do this, may be to quantify
the effects of metering errors in terms of money.

•
Let us look into the money-flowrate of the metering
systems used in connection with production of oil
and gas from the continental shelf:

- A typical flowrate for an oil metering system is
300 DOD BPD. At current prices, this is equivalent
to a gross flow of money of the order of 60 million
Nkr/day or 22 billion Nkr/year

- A typical flowrate for a gas metering system is 40
million SCMD. At current prices this is equivalent
to 40 million Nkr/day or 14 billion Nkr/year.

~•
These flowrates of money can be combined with the
relevant percentage of systematic error in the metering
system, and the economical effects of bad metering will.
become evident. Let us have a quick look at potential
sources of systematic error in gas measurement. I will
limit myself to two examples:

Errors in density metering

A little simplified, the flowrate through an orifice
meter for gas is calculated as:

•
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Normally, the conditions are so that it is necessary
to measure density by a densitymeter. One of the
problems with densitymeters are that you cannot
locate its sensor in the gas stream at the upstream
pressure tapping, where it should be ideal. So
the sensor of a densitymeter is located somewhere else,
in a by-pass or downstream of the orifice plate. A
limited number of different arrangements are in use
in custody-transfer metering systems. Experience has
shown, however, that at least one of these arrangements
can change the temperature of the gas to such an extent
that a systematic metering error of 0.2 - 0.3% can occur.
This will be an ever lasting error in the metering
system and will represent up to 4,3 million Nkr/year
for the gas metering system above.

Errors caused by meter-tube and orifice plate

Shown on the overhead projector is a table of errors
caused by non-standard conditions of orifice plate or
metertubefor a 4-inch meter. Since the exact basis
for the numbers are not given, the % difference must not
be regarded as generally correct for all metering systems.
It should be noted, however, that a liquid build up in
the metertube may cost the seller of gas the sum of
4,5 million Nkr/day.

•
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1. Introduction

~ The ability to measure quantities of gas and liquids
accurately is very important to the industry. In the
case of process measurements,
good production optimisation.

accuracy is the basis for
Its perhaps not

obvious that absolute accuracy is necessary in custody
transfer measurements, since the errors would tend to
average out during the long run. The problem is how-
ever that nobody argues when he gets more than he is
paying for, so there will be a systematic error in
favour of the bayer.

~•
In the case of hydrocarbons the interesting property
is normally weight (mass) or energycontent .

This lecture is restricted to mass determination by static
or dynamic methods.
cover all available

Of course the time is too short to
methods. Emphasis is put on the

necessity to determine the density accurately because
one can see many mass determination systems where
tremendous effort is put into aeteurmining the volume, where
as the density measurement is not very accurate .

•
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• 2. Density

As already stated in the introduction, determination of any
measurable quantity is a combination of measuring it with
a suitable measuring equipment and the calibration of
this measuring equipment itself. The calibration is a
comparison with higher accuracy equipment preferably
traceable to international standard units i.e. meter, kg
a.s.o.

--,
In the case_of density there is no standard unit. Density
is defined as mass per unit volume and the only way to
determine true density is by measuring mass and volume of
a sample of the gas or liquid in question.•
Since we are interested in the density only as a means of
determining the mass, there is an absolute need for measuring
the density at the same conditions as the volume.

In practice this is not always possible and one has to
compromise by measuring at other than normal operating
conditions and establish the density by calculation.

2.1 Areometer

The use of an areometer is shown i fig. 1. The method
is suitable for liquids under atmospheric conditions.
The principle is that the mass of the displaced liquid is the
same as the total mass of the areometer. The areometer mass
is known and the scale is really an inverse volume scale.
The volume of the areometer has to be temperature compensated.

2.2 Displacement density meter

•
Fig. 2 'shows a density meter working with a fully immersed
body. The buoyancy (weight of displaced fluid) of this
body is measured by an automatic measuring system. This
meter can be used on line both for liquids and gases.
Its mainly used on atmospheric gas. On high pressure gas
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• application the mass of the immersed body tend to be to
large compared with the buoyancy.

2.3 Gravimetric

Fig.'3 shows a density meter where a l~ngth of pipe is
weighed. The fluid, liquid or high pressure gas, flows
through the pipe at normal operating conditions. After
temperature and pressure compensation the pipe volume is
known and the density can be calculated at operating
conditions.

2.4 Vibrating tube/cylinder

Fig. 4 shows an example of the most widely used principle
for on line measurement of high pressure gas density. The
measuring element consits of a cylinder vibrating at ~ts
resonant frequency in vacuum. If the cylinder is surrounded
by gas, the gas will also vibrate and the total vibrating
mass is changed. This cause the vibration frequency to
change and the frequency can therefore be used as a measure
of gas density.

Exactly the same principle applies to the vibrating tube
used for liquids, shown in fig. 5.

2.5 Calibration

All the densitometers mentioned above have to be calibrated
against gases or liquids of know densities. Most of the
densitometers are also influenced by other properties than
the density alone, often in a way that is not very well
predictable. This means that the densitometers should be
calibrated under the same conditions as normal operating
conditons .

• In the case of hydrocarbons this is often almost impossible.
Hydrocarbons consits of a nearly infinite number of
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So far the world database for these relations is not extensive
enough to give very accurate prediction of the density
of a given mixture. Different organisation are using
equations giving different result by as much as 1 or 2%
for a given composition.
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• components in different combinations, which is practically
LmpossLbLe to simulate in a calibration laboratory.

The norm~l procedure is to calibrate with some well
known "standard" gas like nitrogen or pure methane.

•

The PTZ relations for nitrogen and pure methane are well
established so it is easy to calibrate a densitometer
against one of these gases at different pressures and
temperatures. The temperature can be held at the normal
operating temperature and the pressure effect on the
densitometer is normally small.

With 'other hydrocarbons however,the only way of accurately
determining the density is to go back to the basis of
mass and volume. Of course,it is impractical to do this
for all combinations of hydrocarbon mixtures. The practical
solution is to make a set of experiments and interpolate
mathematically for other compositions.

For a given installation where the accuracy is important,
for inst. in the North Sea it would be worth while calibrating
the densitometers with the actual process gas in the
laboratory using the basic method of mass and volume. For
high pressure gas this can be done with an accuracy of a
few tenths of a percent by weighing a "bomb" filled with
gas. Fig. 6.

•
Up till now the normal procedure has been to use either the
nitrogen calibration curve directly, the methane curve
directly or a calibration curve based on calculated
compensation for gas properties. The use of one or the
other method is really based on belief or disbelief in the
validity of the compensation.
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• In this type of compensation the characterizing property
of the gas is taken to be speed of sound in the gas at
operating conditions. The reason is.that.chan~ing the
speed of sound changes the coupling between the
cylinder .and the gas.

•
Fig. 7 shows a typical curve for this type of compensation.
The shape of the curve is totally dependent on the design
of the densitometer. That means that every new design has
to go through an extensive calibration program to
establish the curve.

2.6 Pressure and temperature compensation

Where the composition of the gas mixture is known to be
nearly constant, pressure and temperature compensation is
often used instead of densitometers. The validity of the
results depends on the accuracy of the base density of
the mixture and the accuracy of the Z-factor, the gas

.compressibility. If the base density is calculated rather
than measured the results will also depend on the analyser
accuracy.

As said earlier the world data base for the calculation
of density and Z-factor is not very well established.
Fig. 8 shows typical differencies between different
sources of ethylene data.

3. Volume determination

The volume can be determined by static or dynamic methods.
In theory the static method is the easiest and also
the most accurate. In practice the dynamic method is the
most accurate; when the necessary calibration·are done
correctly.

•
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• Fig. 9 shows a tank filled with liquid. The volume of
the liquid is determined by the tank dimensions and the
level. The dimensions of the tank is influenced by the
temperature of the tank wall, nearly the same as the
temperature of the liquid along the wall, and also by the
static pressure of the liquid. In theory, therefore, one
must know the pressure and temperature at any point on
the tank \wall, and also any sinking of the bottom due
to liquid pressure. Again in practice one have to go for
a compromise and just make a few temperature measurements
in the liquid.

The pressure influence is normally calculated when the '
tank volume is determined and the calibration tables are
worked out based on the pressure exerted by the liquid
normally, stored in the tank and based on a reference
temperature. For atmospheric tanks the pressure correction
is 'normally too small to be accounted for if the density
of the liquid changes ,slightly.

On the other hand the temperature correction is very:'
important. The tank itself changes dimensions and the density
of the liquid changes with temperature. The mass is the
volume x density, both measured at the same conditions.
Normally the tank volume table is referred to a standard
temperature (00 c, 150 c, 200 C), and the density of a
sample of the liquid is also referred to a standard
temperature. Since the tank and liquid have different
coefficients of expansion, both volume and density have
to be calculated at operating conditions.

•

The level of the liquid is normally measured by a tape,
manually or automatically. The reference point is in practice
the roof of the tank or the top of a standpipe fixed near
the bottom of the tank. The position of this reference point
is influenced by both the liquid temperature and the
vapour phase temperature, which could be quite different
especially on cooled tanks. The length of the tape itself
is influenced by the vapour temperature.
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• Fig. 10 shows a typical temperature profile along the
vertical center axis of a spherical tank filled with
liquified gas. It is obvious that a large number of
temperature measurements are necessary to determine this
profile under conditions of varying level,

With the temperature profile established, quite extensive
mathematics is necessary to establish the volume of the
sphere, the corrected level measurement and the average
densities of the liquid and gas phase (horisontal
temperature gradients are not taken into account).

• Fig. 11 shows a method where the level and density
measurement are comfuined.The differential pressure between
top and bottom of th~ tank represents the mass per unit
area and the only other parameter required is the tank
area. For a true cylindrical tank only the'average
temperature is r-equIr-edto establish the average area.

For spherical tanks both temperature profile and level
are required to calculate average volume and density based
on the differentical pressure method.

3.1 Ships tanks

Additional pr-ooLems with ships tanks are caused by the
peculiar shapes necessary to contain the tanks efficiently
in the ships hull. It is also necessary to compe~sate for
trim and list variations, the ships vertical axis deviation
from vertical position due to uneven loading.

4. Calibration of tanks

4.1 Strapping

•
Calibration of tanks is normally done by measuring the
dimensions of the tanks with a tape and calculate the
volume at a reference pressure and temperature. This method
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• is used both on spherical and cylindrical tanks and
even on ships tanks of different shapes.

4.2 Volume comparison

Small tanks are calibrated by direct comparison with
other tanks of known volume. By using small calibration
tanks and measuring the level after each filling,"the
volume table can be established as a function of level.

4.3 Photogrammetric

•• Large tanks and in particular caverns can be calibrated
by photogrammetric methods. The method is basically the
same as used when making land maps from air photos. The
position of a large number of points on the wall are
determined by stereo'photo II!.e!:hodand the volume is
calculated by interpolation. This method is practicable
even on rough blasted rock surfaces.

4.4 Master meter

Tank volume tables can also be established by filling or
emptying the tank through a master meter. This method also
requires accurate level and temperature measurements.

4.5 Level calibration

The reference of the tank level measurement is normally
at the bottom end of the stand pipe. This reference
position is measured when the tank itself is calibrated.

This reference is used only during manual dipping or
calibration of the automatic level gange. The practical
reference for the automatic level ganger is the top of the
stand pipe where it is mounted. For accurate measure-
ments this position should be temperaturecompensated .•
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• 5. Volume determination by meters

The most common meters for both liquid and gas are the
turbines and the positive displacement meter.

The only meter that measures true volumetric is the
positive displacement (pd-) meter. Fig. 13. This meter
passes a certain volume of liquid or gas per revolution.
The acbuaL vo.Lumeis affected by temperature and pressure
of the meter itself. There are also corrections to be made
due to leakages in or out of the defined volumes, but
the basic principle is a true volumetric measurement.

A typical calibration curve is shown is fig. 14. The pd-
meter is sensitive to particles passing through and it
can easily get stuck, thereby blocking the line completely.
Large diameter pd-meters are very heavy and expensive,
especially high pressure versions.

'All other meters measure flow velocity in on way or other.
The turbine is already mentioned. For accurate measurements
of large quantities of liquids its almost exclusively used.
Its a lot less mechanically complicated than the positive
displacement meter and the repeatability is approximately
the same, in the order of 0.01% for a good meter within
its normal operating range.

This repeatability is referred to constant conditions in
terms of flow velocity and liquid properties, especially
the viscosity.

Under conditons of varying viscosity the calibration factor
can vary with a few-'percent.These variations are
theoretically predictable,and manufacturers normally
supply "typical" curves showing the viscosity dependance.
However, mashining tolerances are so critical that two• -meters never give identical curves, and thus every meter
needS calibration.



- 11 -

• Fig. 15 shows "typical" curves supplied by a manufacturer
and fig~ 16 shows actual curves for one of the meters from
the same manufacturer.

One of the biggest advantages of both positive displacment
meters and turbine meters is the digital output. The
number of pulses are a direct representation of the number of
revolutions of the meter, and there is no need for a
trandsdu~er that is inevitably introducing additional errors
in the metering system.

.~ The pulse output is also well suited for the digital
electronics supplied to do the necessary calculations of
mass flow.

6. Calibration of meters for liquids

6.1'Master meter

The easiest method of calibration is to run the meter
against a master meter. As said before there are a few
factors affecting the calibration making it necessary to
consider the calibration conditions very carefully. Ideally
the master meter should"19avebeen calibrated under exactly'
the same conditions as the meter to beicalibrated. This
is of course impracticable, especially if the master meter
is going to be used under a lot of various conditions.
Since the primary factor affecting the liquid meter, is
the viscosity,the normal procedure is to calibrate the master
meter with different liquids covering the range of
viscosities.

6.2 Tank

•
Calibration against a calibrated tank is the most common
method for small meters. The volume of the tank should be
at least equal to the meter throughput in one minute to
make sure that the e~ro~s caused by standing start/stop~ are
small. With this method the meter can be calibrated under
normal running conditions.
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• Larger meters can be calibrated off-line by the same
method. The reason for off-line calibration is that it
is not practical to move big calibration tanks around to
the meter installation.

Fig. 17 shows a calibration laboratory at Norsk Hydro in
Porsgrunn, intended for off-lihe calibration
at a throughput of up to 1000 m3/h.

6.3 Mechanical displacement provers

•
Large meters are calibrated against moving piston/ball
meter provers. A typical ball prover is shown in fig. 18.
The volume between detektors 1 and 2 is determined to an
~dc9~ay~of3~O~51 ?r better. The volume of the pipe should as
a minimum represent 10.000 pulses from the meter under test,
1:200 of the hourly flow rate, and the velocity of the
ball should not exceed 3 m/s.

These requirements-lead to large size provers. Typical
figures for a prover for 8" turbines are 20" diameter and
a length of 30 m between the detectors.

::3•
By this method the meter is calibrated under normal operating
conditions and where the accuracy is very important i.e.
in the North Sea the prov-ers are installed permanently so
that the meters can be calibrated at arbitrary short
intervals.

The pressure and temperature control of the system is
just as important as when calibrating against a tank,
_only in this case it is much easier. With the prover
lagged the total length of the calibrated volume have a
constant temperature equal to the liquid temperature.

Typical repeatability of the ball prover is in the o~der
of 0.01%. The calibration of the prover itself is done by
the water draw method. The prover is filled with water•
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• and when the ball is passing detector 1 the water is
routed to a calibration tank until the ball is passing
detector 2. The water in the tank is measured by volumetric
or gravimetric methods.

The piston prover works by the same principle as the ball
prover, but the use of a piston requires the proving pipe
to be one straight length.

•
A very short piston prover is shown i fig. 19. This prover
does not comply with the requirement that the volume is
1:200 of the hourly flow rate or that the number of pulses
are minimum 10000. This is compensated by the fact that
detection of the position of the piston is accurate
enough to facilitate splitting of the pulses from the
meter. Fig. 20 shows the principle. Over the calibration
periode both the total travel time and the travel time for
a whole number of pulses is meassured. Then the nubmer·of
pulses corresponding to the calibrated volume, are calculated
to an accuracy of a few decimals.

A typical size of this prover for an 8" t~rbine is 18"
diameter and 2 m length of the cylinder., Calibration,of the prover is done by the same method as
with a ball prover.

The most critical part of this prover is the se~ling of
the piston and the valve inside the piston.

7. Gas metering

7.1 Orifice plate

•
The most widely used meter for large gas quantities is
the orifice plate/differential pressure transducer. The
main reason for using the orifice plate is that there
is no absolute need for calibration. Laboratory calibration
shows that the meter factor can be calculated based solely
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• on measurement of mechanical gimensions and knowledge of
the physical'.properties of the gas.
One of the problems is, however, that different standards
give different results. Also even the latest ISO-standard
(ISO 5167-80).issued in 1980,differs as much as 0.4% from
some recent laboratory results. The standard itself gives
a to leranc e of :to. 6 - 0.8·% under specified conditions.
The requirements include very long straight lengths of
pipe, up to 88 pipe diameters, and eccentricity of orifice

installation less than 0.1 - 0.2% of the pipe diameter.
The last requirement is almost impossible to fulfill in
practice. Outside the limit an additional uncertainty
of :0.3% applies.•
The quadratic realtionship between flowrate and differential
pressure gives a range of only 1:3 for each dip-transducer,
so that for larger ranges 2 or more transducers in parallel
are required. On the other hand, since the mass flow is
proportional to the square root of the density, a 1% error
in the density determination will give only 1/2% error
in the massflow.

The calibration factor of an orifice plate is very sensitive
to wear, deposits or deformation. It is also worth
mentioning that most of the factors affecting the calibration,
tend to give low readings.

It is necessary to inspect the orifice plate at frequent
intervals. If the pressure cannot be taken off the line
for this inspection, an orifice fitting similar to the one
shown in fig. 21 is used. With this type of installations
it is of course difficult to make sure the eccentricity
specification is fulfilled.

•
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• 7.2 Calibration

Even though one of the prime advantages of the orifice
measurement is the ability to calculate the calibration
factor, it is quite cornmon to calibrate the orifice installed
in its straight length of pipe. In this way one can avoid
any errors due to inaccuracy of the standard, mashining
tolerances or mechanical installation.

Such calibration is dependent on very accurate knowledge of
the properties of the calibration gas, especially if the
comparison is referred to a volumetric measurement, since
in the orifice calculation one needs the gas density.

The problem is reduced when calibrating against a sonic
nozzle. Fig. 22. The mass flowing ..t hnough the sonic nozzle,
is mainly proportional to the square root of the gas density,
as is the case with the orifice plate, and the square root
of the inlet pressure.

The ~ain advantages of the sonic nozzle is that there
is no need for a differential pressure measurement and
that it is by far less sensitive to mechanical wear than
the orifice. Main disadvantages is the pressure loss of
10 - 20% of line pressure.

7.3 Gas turbine meters

A typical custody transfer gas turbine meter is shown
in fig. 23. Typical calibration curves for atmospheric
air and high pressure gas (in this case 8 bar natural gas),
is shown in fig. 24. The repeatability is in the same order
as for the liquid turbine, ± 0.01%. As. can be seen from
these curves the linear range is approximately 1:20 on high
pressure gas.

•
The calibration shift from 8 bar to 60 bar is very small.
Since we are in the same situation as with the liquid
turbine, that the mashining tolerances are very critical
every single turbine has to be calibrated.
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• 7.4 Calibration

Gas turbine meters are sensitiv to gas density rather
than viscosity. Therefore if the turbine cannot be
calibrated under normal operating 'condition, the gas
density should be as near normal as possible.

The only practical way of calibrating a large turbine
meter is comparison with a master meter or a sonic nozzle.

•
Fig. 23 shows in principle the stepwire procedure used to
calibrate a master meter at 60 bar referred to an
atmospheric bell prover. In this procedure it is essential
to know the PTZ·relations for the calibration gas. Ideally
the gas should be the same as the process gas under normal
operating conditions.

Gas meters are also calibrated with water, but this should
be regarded more as a function check than a real calibration.

7.5 Positive displacment meter

, The Pd-meter is extensivelY used for small gas quantities
especially at or near atmospheric pressure. This reflects
the fact that the meter is very accurate, but that meters
for large'quantities and/or high pressure are very heavy
and expensive.

Repeatability figures are in the same order as for the
turbine meter.

8. ,Vortex meter

Over the last few years there have been quite a development
of the Vortex meter, fig. 25. The meter consists of a
straight pipe with a bluff body generating vortices in
the liquid or gas. The frequency of the vortex shedding
is proportional to flow velocity.•
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• Because of the mechanical simplicity of the meter the
calibration factor can be calculated, based on dimension
measurements. In the same way as with the orifice plate
the Reynolds number is the characterizing fluid property.
Therefore the vortex meter can be calibrated with water
even if it is going to be used for gas metering. Depending
on fluid properties the turndown ratio could be from 1:5
to 1:100.

Rounding of the corners of the bluff body is less critical
than rounding of the inlet of an orifice bore. The bluff
body is also normally very robust.

Pressure loss is about the same or less than for an orifice.

There are a lot of different ways of detecting the vortices
like mechanical deflection of the bluff body,_ pressure
transducers,termistors and ultrasound. Irrespective of
detector principle the pulses generated are not exactly
regular. This causes a problem during calibration because

_a-large number of pulses are required to average out the
irregularities.

9. Ultrasonic flow meter

An ultrasonic flow meter is shown in fig. 25. An ultra-
sound pulse is transmitted through the fluid at an angle
to the pipe centerline. The difference in time required
to cross the pipe in both directions is a direct measure
of the flow velocity. It represents the average flow
velocity along the path of the ultrasoound pulse. This
means that the flow profile must be known for the
average flow velocity over the whole pipe area to be
calculated .

•
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• At the sofistication level of todays electronics, "
the limiting factors on the accuracy is mainly related
to the mechanical part of the meter. The accuracy of
installation of the pulse transmitters and receivers are

measurements along 2, 3 or 4 ultrasound paths.

--,

The best results are of course obtained when the meter have
been calibrated. The long term stability is very good since
there is virtually no possibilities for mechanical changes
affecting the accuracY,except, corrosion or deposits.• The ultrasonic flow meter represents no pressure loss whereas
most of the other meters could require 100 kW in a large
metering station.

•
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Petroleum Fluid Composition.
The type of chemical compounds present, :i'ncrude oil and
natural gas are shown in Tables 2 and ~.

"

• The importance of accurate metering in connection with oil
and gas production is obvious. An error in the determination
of the massflow means millions of $ during a year production.
Metering is important in connection with custody transfer,
and likewise during well-testing and production monitoring.
The following will be a discussion of. some physical properties
of oil and gas with importance for the accuracy of the
measurements.

•
Although we speak of the production of oil and gas, there is
in fact a spectrum of petroleum fluids produced. In the book
"The Properties of Petroleum Fluids",1 McCain distinguishes
among the fluids as shown in Table 1.

T:t:l!icalYield Oi I Praperti es

~ BstoLBrf GOR aAPI Color

law-Shrinkage Crude Oil 0.85 0/500 s30 Dark
High-Shrinkage Crude Oil 0.65 500/8000 30-50 Dark
Retrograde Condensate Gas 0.25 8000;70000 50-60 Slight

Wet Gas Condensate 70000/1 00000 >50 White

Dry Gas No Cando 100000+

Table 1. Petroleum Fluid Spectrum.

Shrinkage refers to the fact that gas evolves from the crude
oil as its pressure falls below that in the reservoir. As the
gas evolves, the remaining liquid volume decreases. Almost
all crude oil evolves some gas during processing. This gas
is referred to as associated or separator gas. Wet or dry gas
is accompanied by little or no liquid production as such and
will be referred to as natural gas.

•
Hydrocarbons
Gases - N2, C02
Sulfur Compounds (H2S, Mercaptans,

Alkyl Sulfides)
Organic Compounds Containing N2,

02, and Metals
Water

Table 2. Crude oil components.
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•
Hydrocarbons
Inert Gases (N2, He)
Acid Gases (H2S, C02)
Sulfur Compounds (Mercaptans, Alkyl

Sulfides)
Water

Table 3. Natural Gas Components.

The differences lies in the boiling range and the relative
amounts of the components. In petroleum or gas production the
hydrocarbons are the desired material, and the other compounds
are contaminants or impurities.
In Table 4 the hydrocarbon composition of two typical crude
oils are shown. No breakdown of the C7+ -fraction is shown,
these fractions are complex mixtures of paraffinic, napthenic
and aromatic hydrocarbons.

e•
Nc62
H2S
C1
C2
C3
IC"
nC4
iCS
nCS
a
0+
Total

GOR (scf/bbl)

Oil A

0.1
0.4
0.0
17.0
8.7
6.5
1.4
3.7
1.7
2.0
5."

53.1

100.0
290

Oil B

7.1
0.4
0.0
40.5
12.8
9.9
0.6
1.6
0.9
1.1
1.2

23.9

100.0
1060

I

Table 4. Typical Crude Oil Wellstream Analysis.

The compositions in Table 4 are full wellstream or reservoir
fluid analysis. As noted previously, these crude oils will
evolve gas (primarily methane and ethane) as the pressure is
lowered below the formation pressure. After a series of flash
separations to atmospheric pressure, the remaining oil is •



Table 5 shows the composition of some natural and separator
gases. The heavier hydrocarbons in these gases are regarded as
recoverable liquids. The relative proportion of recoverable
liquids is expressed as gallons liquid at 60 F (if totally
condensed) per 1000 scf. of the gas. (GPM: gallons condensible
hydrocarbon per Mscf. of associated or natural gas.)

- .J -

\

• referred to as stock-tank oil. The combined gas evolved
(expressed in standard cubic feet) divided by the stock-tank
oil rate (expressed as 60 F barrels) is termed the gas-oil
ratio or GOR. The oils in Table 4 have GORs of 290 (low-
shrinkage crude) and 1060 (high-shrinkage crude).

Natural Go. Separator Gas
separated at

15 Psig and 75°F
sepirated at

950 1\18 and flOOF
MOl 'it GPM

separated at
o "'1g and 7SOF

Mol" GPM Mal % GPM·
FullWell_m

MOl'" GPM

CI 89.15 91.91 59.04 63.49
C2 4.84 1.29 4.81 1.28 10.42 2.78 10.87
C3 1.80 0.49 1.63 0.45 15.12 4.IS 14.48
IC4 0.55 0.18 0.44 0.14 2.39 0.78 2.00
n(:4 0.84 0.26 0.62 0.19 7.33 2.30 5.78
iC5 0.27 0.10 0.15 0.05 2.00 0.73 1.32
nC5 0.38 0.14 0.19 0.07 1.72 0.62 1.02
C6 0.51 0.21 0.15 0.06 I.18 0.48 0.62
C7+ 1.66 0.89 0.10 0.05 0.80 0.40 0.42

100.00 100.00 100.00 100.00

~
GPMC2+ 3.56 2.29 12.24
GPMC3+ 2.27 1.01 9.46

Table 5. Typical Gas Analysis.

A gas is termed lean or rich as follows:

Classification GPM C2+

Lean
Moderately-Rich
Very Rich

I.. 2.5
2.5 - 5> 5• = (Mal % x 10\/~379.49 _)

/ gaiJlb.m0l)GPM = (SCf)V(~)Mcf scf

2.90
3.96
0.65

1.82
0.48
0.37
0.25
0.21

10.64
7.74



The above classification is based on C2+ because ethane is
"egarded as a desirable feed for petrochemical p"ocesses and
is recoverable as a liquid in expander plants.

Natu"al gas liquids (NGL) include the following products:

Petroleum Fluid Phase Behavior.
The p"essure-temperature phase relation of a petroleum fluid
is important because it will give the condition of the fluid
at various conditions of processing, downhole or at the
surface and in transport lines.

In Figure 1 a typical pressure-tempe"ature phase diagram of
a petroleum fluid is shown.2

Figure 1. Pressure-temperature phase diagram of a pet"oleum
flll icl
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• P-T diagrams show the effects of pressure and temperature on
the physical state of a hydrocarbon system. However, the
phase diagram in Figure 1 is for a specific composition.
nlthough a different fluid would have a different P-T diagram,
the general configuration is similar. In Figure 1, the area
enclosed by the bUbblepoint curve, A-S-C, and the dewpoint
curve, C-O-T-8, to the lower left, is the region of pressure-
temperature combinations in which both gas and liquid phases
will exist. The curves within the two-phase region show the
gas-liquid percentages for any pressure and temperature.
The curve A-S-C-T-8 separates the two-phase region from the
single-phase regions where all the fluid exist in a single
phase. The bubblepoint curve separates the two-phase region
from the single-phase liquid region, while the dewpoint curve
separates it from the single-phase vapor region. Point C,
where the bubblepoint curve and the dewpoint curve meet, is
called the critical point, and the corresponding temperature
is called the critical temperature.

\'
"',.'

The critical temperature, Tc' is defined as: the temperature
above which a gas can not be liquefied by application of
pressure alone.

The critical pressure, Pc' is the pressure which a gas exerts
when in equilibrium with the liquid phase and at the critical
temperature.

The critical volume, v , is the specific volume of the fluidc
at the critical pressure and critical temperature.

If Figure 1 represents a reservoir fluid, the point 1i,
indicates an oil reservoir, called a bubblepoint reservoir.

The
point
point

2 indicates an oil reservoir with an initial gas cap.The
3, indicates initially a gas reservoir. During
1. '

production it 'will show retrograde condensation, i.~. as
pressure decreases liquid will condense. As retrograde

the

•
condensation occurs, the reservoir fluid composition changes
and the P-T envelope shifts, increasing retrograde liquid
condensation. Point 4. indicates a pure gas reservoir.

1.
However, after the fluid leaves the reservoir and enters the
wellbore, the temperature, as well as the pressure, will
decline until surface temperature and pressure conditions
are reached. The fluid produced through the wellbore and into
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surface separators at point 4 , though of the same compositions
as the reservoir fluid, has entered the two-phase region due
to the pressure and temperature decline along 4i-4s' This
accounts for the production of a considerable amount of
liquid at the surface,from a gas in the reservoir. If point 4s
lies outside the two-phase envelope, in the single-phase
(vapor) region, then only gas will exist at the surface. No
liquid will be formed in the reservoir or at the surface, and
the gas is called a dry natural gas. The word dry indicates
that the fluid does not contain enough of the heavier
hydrocarbons to form a liquid at surface conditions.
~evertheless, it may contain liquid fractions which can be
removed by lowtemperature separation or by natural gasoline
plants.

Equations of state.
Any equation correlating P,V, and T for a fluid is called an
equation of state. The most wellknown and simple equation of
state is the ideal gas law:

PV=nRT (1)

This equation describes the behavior of most hydrocarbon
gases at pressure and temperature conditions close to
atmospheric. However, hydrocarbon gases are real gases, and
at moderate pressures the gas tend to compress more than the
ideal gas law predicts, particularly at temperatures close to
the critical temperature. At very high pressure the gas tend
to compress less than the ideal gas law predicts.

To correct for the deviation between the measured volume of
an gas and that calculated using the ideal gas law, an
empirical factor, Z, called the gas deviation factor, is used.
For real gases we can then write the equation:

PV=ZnRT ( 2)

or

The Z-factor can be interpreted as a term by which the
pressure must be corrected to account for the departure from
the ideal gas law. The Z-factor is a function of both
absolute pressure and temperature.3

, .
I

•

o•

••

•



•
The physical characteristics of a fluid are controlled by the
relative nearness of any state point to the critical point.
If two different fluids have the same reduced pressure and
temperature, then the two fluids are in corresponding states
and any other property, like the reduced density will be
the same for both fluids. This is the principle of
corresponding states. Stated in other words: the deviation of
a real. gas from the ideal gas law is the same for different
gases at the same corresponding conditions of reduced tempera~
ture and pressure. Reduced vapor pressure, reduced density,
reduced enthalpy, reduced entropy etc. are examples of this
theorem's uses for the purposes of generalizing results. .,

- 7 -

..

• Beginning with his thesis in 1873,4 J. D. van der Waals
proposed his theorem of corresponding states. Before stating
the theorem the following terms will be defined:
Reduced temperature, reduced pressure, and reduced volume
are the ratios of the actual temperature, pressure, and
specific volu~e to the critical temperature, critical pressure,
and critical volume, respectively.

T r
T

= T 'c
p

= p ,
c

v =r vc
v

(3)

The Z-factor can either be determined experimentally for the
actual gas mixture at specified pressure and temperature, or
it can be determined from well established correlations.
The Z-factor can now easily be calculated using an equation
of state.

•

In 1941, Standing and Katz5 presented a Z-factor chart, based
on binary mixtures and saturated hydrocarbon vapor data.
Figure 2 shows this Z-factor chart. In this chart the Z-factor
is given as a function of reduced pressure and reduced
temperature. This chart is generally reliable for sweet
natural gases and can be corrected for those containing
hydrogen sulfide and carbon dioxide. It has become one of the
most widely accepted correlations in the petroleum industry.
This correlation requires the knowledge of the gas composition,
to determine the pseudo critical pressure and temperature, or
the apparent molecular weight of the mixture. 8y use of Kay's
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• y. = mole fraction of component i in the vapor
1.

p . = critical pressure for component i
C1.

T . = critical temperature for component i
CJ.

M. = molecular weight for component i
1.

In cases where the gas composition is not available, but the
gas gravity is known, the pseudo-critical pressure and
temperature can be estimated from Figure 3.
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Figure 3. Pseudo critical properties of miscellaneous gases.

Useful correlations derived from Figure 3 are:

Poc = 709.604 - 58.718 G (7)

• T = 170.491 + 307.344 Gpc (8)
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In order to try to describe non-ideal, real gas behavior, a
large number of equations of state have been developed. Each
is empirical in that it correlates a specific set of data
using one or more empirical constants. The oldest and most
well known two constant equation of state is the one
developed by van der Waals:

•
p Rr a. (9)
:: V-b V 2..

CL 27 R"1.T, 2. b= Ric.- .J611Pc. 8Pe o•Of other well known equations related to the van der WadIs
equation can be mentioned:
The Redlich-Kwong eguation7: The original Redlich-Kwong
equation is given in the form:

RT (10)
V-b

The constants a and b are functions of critical pressure and
temperature. Numerous modifications of the Redlich-Kwong
equation have been proposed. One of the more recent modificati-
ons of R-K is that proposed by Soave in 19728• The S-R-K
equation has rapidly gained acceptance by the hydrocarbon
processing industry because of its capability for generating
reasonably accurate equilibrium ratios in vapor-liquid
equilibrium calculations. The S-R-K equation is given in the
form:

p- Rr Q,{T)
( 11)v- b V(V+b)

The most important change from eqn, 10 to eqn. 11 is that the •
term a/To.S is changed to a function aCT).
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• One of the newest developed equations is the Peng-Robinson
equation of st2te9• The equation is given in the form:

In the P-R equation the second term has changed from the S-R-K
equation.

.~ Any equation of state can be used to generate an expression for
the Z-factor. The Peng-Robinson equation of state gives:••

A = ~~T2 ,
bP

B = RT'
PV

Z = fiT

aCT) = aCTc)·IIt(Tr'W)
beT) = beTc)

Due to modern computers, equations of this kind can'easily,'
be used in Z-factor calculations, vapor-liquid equilibrium
calculations and to calculate other physical and thermo-
dynamic properties. This kind of equations usually gives
good results, but there is a tendency for larger deviations at
high pressure and temperatures10~ The Peng-Robinson equation
seems to give better predictions for the liquid state than the
S-R-K equation.

In vapor-liquid equilibria the equilibrium condition is
defined as the situation where the vapor fugacity is equal to
the liquid fugacity. The fugacity coefficient can be calculated
from the fundamental thermodynamic equation11:

• -
p

-R1;"-T f (~.--v)dp
o

(14)
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The
and

vfugacity of the component i in the vapor phase is f.,
L

in the liquid phase f~.
1

L A. Lf. = ~. X'" PI, ...

•r.V = </;,." \,J. PTL L. Jc.. )

At equilibrium between the vapor and liq~id phase f~ = f~.
The equilibrium constant K. = Yi , and thus,

¢.L 1 Xi
•u. _

1'\.'- - ~.vIn the form the ~quations are presented above, they are in
principle only valuable for single components. However,
real vapor-liquid equilibrium stages deal with multicomponent
systems, and the equations have to be adopted to this.
The constants in the equations have to be calculated from
the single component constants, and the success of the
calculation strongly depends on the mixing rules used, and
also on reliable PVT data and chemical analysis of the
composition of the fluids. Figure 4 shows the results from
equilibrium calculations using Peng-Robinson equation,
compared with actual PVT laboratory measurements.

c•
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Figure 4. Experimental and calculated equilibrium
ratios for 103 Mw absorber oil at 40 OF.
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Composition analysis.
Property predictions and calculation of physical parameters
for petroleum fluids, strongly depends on reliable sampling
procedures for the fluids and reliable analysis of the
samples. At RRI we are presently doing compositional
analysis of pressured oil and gas from the North Sea. The
oil and gas to be analyzed are sampled on high-pressure
sample cylinders. The samples are taken at the test separator
(1. stage separator). The gas samples are analyzed directely
on a GC-instrument, and the component composition up to
heptanes pluss (C7+) are reported, together with the
calculated critical temperature, critical pressure, real gas
specific gravity, average (apparent) molecular weight for the
gas, ideal gas heating value, and the Z-factor. Figure 5
gives a simplified picture of the gas analysis.

P rc. i 500' ISIIO fJ;Q.

T , j 10·(.. cU..,c, ~pt.:~ ~c....,.

TLl) Fin
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--------------------------------------------------
,.:TPQ';£H .'5-:- ...
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Figure 5. Analysis diagram for natural gas.
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The samples of pressured oil are distilled, giving a g~s
fraction (boiling range to 23 DC), a C5-C6 fraction (boiling
range from 23-93 °C), and a distillation bottom, referred to
as the C7+ fraction Dr the heptanes pluss fraction.
The component composition of the gas fraction and the C5-C6
fraction are determined by GC analysis.
The C7+ fraction is analyzed for specific gravity, average
molecular weight, and sulfur content. By means of a computer
programme the composition of the gas fraction, the C5-C6
fraction, and the [7+ fraction are recombined, giving the
component composition for the pressured oil up to heptanes
pLuss. Figure 6 gives a simplified picture of the pressured
oil analysis.
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• noutinely we analyzE up to C7+, but on spGcial cases the
analysis can be extended t-) ,:,1- .. , i.nthat the components
in the C6-[10 range are reported in terms of single carbon
numbcrs. Routinely we also run simmulated distillation of
crude oil up to C20 reporting the results in terms of
single carbon number. Further developments to increase the
range of the component analysis is the subject for a
research project supported by the NTNF.

•
For a component analysis of oil or gas to be reliable, both
the sampling procedures and the analytical work in the
laboratory are critical. To facilitate the evaluation of
the results we have adopted two different methods.
Firstly we use a calculation based on a modified version
of the Watson characterization factor12• This factor gives a
measure of the relative parafinicity of the oil, and the
characterization factor K + is given by the equation:n

(15 )

For the Ekofisk oil the K7+ value varies in the range
11.82 - 12.06, with usually very small variations for oil
samples from the same well. This gives us a sensitive test
for the parameters of the C7+ fraction.

The second method to evaluate the results of the analysis,
and the quality of the sampling, has a sound basis in
thermodynamic principles. For a representative sample to be
taken from the test separator, there has to be equilibrium
between the vapor and the liquid in the separator. Further,
this equilibrium should not be disturbed during the
sampling. The equilibrium constant K is given by the
equation:

K _ mole ~ gas compo
- mole ~ press. oil compo

(16)

• at test separator conditions. We define a new function, F,
given by:
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F •(17)

F is a free energy function, b = ~, where L is the heat of
vaporization for the pure component, and R is the gas
constant!3We then have the relation:

in kp b(.-!- -1-)7b ..,- (18 ) e•
p is the test separator pressure in psia.

The plot of ln Kp against F shall give a stright line. If
not, either the analysis or the sampling is in error.
Figure 7 shows this plot for a good analysis, while Figure B
sho~s the plot for an analysis which is obviously in error.
The C7+ is off the line because of the lack of appropriate
F value for C7+. In the plots it has been arbitrarily set
equal to zero. Thus this method controls the component
analysis up to C7+ or hi~her if F values and component
composition is available. I

•
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Viscosity
For measurements of oil and gas the viscosity of the fluid
is of importance. The viscosity coefficient is a measure of
the resistance to flow exerted by the fluid. The dynamic
or absolute viscosi t~l'J0f a Newtonian fluid is defined as
the ratio of the shear force per unit area to the local
velocity gradient. The kinematic viscosity is defined as:

•

The effect of pressure on viscosity is perhaps best seen
from Figure 9. Here the viscosity has been reduced by
dividing by the value at the critical point15 • •

kinematic viscosity,)I ~ dynamic viscosity,~
density, l' .

The only way to obtain the accurate viscosity of a fluid is
to measure it experimentally. However, experimental
determinations are difficult and slow so usually the petroleum C)
engineer must rely on viscosity correlations. •

The viscosity of a pure gas depends on the temperature and
pressure, but for gas mixtures it is also a function of the
composition of the mixture. The following equation, initially
proposed by Herning and Zipperer14, may be used to calculate
the viscosity of a mixture of gases when the composition of
the gas mixture is known, and the viscosities of the
components are known at the pressure and temperature of
interest.

Li (~gL Yi p:;:)
Z, [v: -(Hi' )

(19 )
I

The viscosity of gases is strongly depending on pressure
only in certain regions of pressure and temperature.
Usually, pressure variations are not significant at very
high reduced temperatures or low reduced pressures.
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• At low reduced pressure we can see that except near the
saturated vapor state there is little effect of pressure.
The lower limit of the P curves indicatesr
In such a state the viscosity increases with temperature.

a dilute gas state.

nt high reduced pressures we see that there is a wide range
of temperatures where the viscosity decreases with increasing
temperature. In this region the viscosity behavior more
closely simulates a liquid state, and an increase in
temperature results in a decrease in viscosity. Finally,
at very high reduced temperatures, there is but little
effect of pressure on gas viscosity •

0.6 0.8 1.0 2 3 4 5 6 7 910

Reduced temperature, r,.. T/~

Figure 9. Generalized reduced gas viscosities.

•
Childs and Hanley16 have deduced criteria which indicate
whether or not the pressure effect is significant. Their
results are summarized in Figure 10. For any given reduced
temperature and pressure, one can determine whether the
gas is "dilute" or dense (so that pressure correction
should be applied). The dividing line is located so that
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the ~ecessary dense gas correction is 1 percent or less. •

1.0

f- /f-

/
f- VOensegas .....

J_DMega.

V
/
I

e•

~

!~••-6 0.5s

oo 2 3 4 5 6 7 8 9
Reduced temperahre

Figure 10. Ranges of reduced pressure and temperature for
separating dilute and dense gases.

For natural gases, Carr, Kobayashi and Burrows17 have
correlated gas viscosity to molecular weight, temperature,
and pressure:

Po = f(lYI, T)

Figure 11 gives the Carr et ala correlation for viscosity of
paraffin hydrocarbon gases at 1 atm. pressure. The inserts
are correctio~s for the presence of N2, CO2, and H2S.
The effect of each of the non-hydrocarbon gases is to
increase the viscosity of the mixture.

In most cases, the viscosities must approach pressures far
removed from 1 atm. The theorem of corresponding states has
neon used to develop the correlations given in Figyres 12
aru:..1J. c-iC)ure12 gives the viscosity ratio as a function of
reduced temperature and Figure 13 gives the viscosity ratio as
a fu~ction of reduced pressure. •
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•
Figure 11.Viscosity of paraffin hydrocarbon gases at 1 atm.

Figure 12. Viscosity ratio vs. pseudo reduced temperature

•
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FiguTe 13. Viscosity ratio vs. pseudorepuced· pressure.

Liquid viscosity.
As a rule, the liquid viscosity decreases with increasing
temperatuTe, and increase with increasing pressure.
The prediction of viscosity is somewhat analogous to the
prediction of density. One can use equations of state and
combination rules or more empirical correlations based on
physical parameters like molecular weight, EMR etc. The use
of equations of state are strongly dependant on the access to
computers.

.'
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Figure 14 shows the viscosity ,at atmospheric pressure, for. 18
common light hydrocarbons, as a function of temperature •
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-100
Temperature,Oc

a 100 200•
I ..

Figure 14.Viscosity of pure hydrocarbon liquids.

The viscosity of liquid mixtures can be calculated using
the formula:,

(20)

where J.lm = viscosity of mixture in cp
).Ji= component viscosity in cp
x • = mole fraction of each component in the mixture
1

The viscosity of a crude oil posessing an API gravity greater
than 300API (less than 0.88 specific gravity) can be estimated
by the equation:

( 21 )

• jJ is in cp, o API = - 131. 5sp , grav.
141 .5
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100 130 160 190 220 •a 2.05 1 .83 1.55 1.30 1.08

Eykman Molecular Refraction (EMR)19 is related to the
refraction index of a liquid and can readily be measured.
=~R is given by the equation:

EIYIR= [(n2-1)/(n +0.4)) '(lYIw!p)
n = refraction index

For normal hydrocarbons it has been found that:

(22 )

EIYIR= 2.4079 + O.7293M + 0.00003268M2 (23)
Figure 15 shows the relationship between liquid viscosity
and EIYIR20

c••

I I I V
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I
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Figure 15. Viscosity vs. Eykman lYIolecular Refraction (EMR).

As for gases, liquid viscosity often has to ,approach high
pressu res , Figure 16 enables us to calculate liquid viscosity

21at elevated pressure and temperature • P , T • and apparentr r
molecular weight are determined as given by equations 3 - 6.

Measurement and physical properties.
By far the most common type of differential meter used in the
fuel gas industry is the orifice meter. For the calculation
of the quantity of gas nGA committee Report no. 3 recommends •
the formula:
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•
Liquid Viscosity Of P.ydro-carbon ~1ixtures At High
Pressures.

II-:;! Li:':-'"
f! - ;-::;::i_~:=; .
: :., :c.:::. : I.:·::-~;:='. =::::::::c. [: c: :·:-.:-:·1 . .

E::::-! :CT~ ::1.':::
1-::=:·:.·

~-.:::=::!.:::

~ - centi?oises
M - reolecular weight

.. :::-.! ..: ::: I::c·::.'.:'.; :r-:': I:' :trr',;
,C::-CC=..:= I: :.:C:::: ::: .

. : I:': _:'::::1:
:::

t

!- .•

REDUCED PRfS5Ull£, P,

Figure 16. Liquid viscosity of hydrocarbon mixtures at
high pressures.

..
-
=

(24)

here Qh = quantity rate of flow at base conditions, ft3/hr
C' = orifice flow constant
hw = differential pressure in inches of water at 60 of

absolute static pressure, psia
pressure extension

•

Because the general orifice meter equation appears to be so
simple, one may wonder where all these physical laws become
involved in the measurements calculations. The orifice flow
constant C' may be defined as the rate of flow in ft3/hr,
at base conditions, when the pressure extension equals unity.
C' is obtained by multiplying a basic orifice factor Fb, by
various correcting factors that are determined by the
operating conditions, contract requirements, and physical
nature of the installation. This is expressed in the following
equation:



- '::::-::J -
•tc(

r~I == F'b'F' ·Y·F ,'Ftb' Ftf·F 'F 'f- 'rl'Fr p o . g DV m a
(25)

Fb = b~sic orifice factor, ft3jhr
F = Reynold's number factor (viscosity)
rY _ expansion factor

Fpb= pressure base factor (contract)
Ftb= temperature base factor (contract)
Ftf= flowing temperature factor
F = specific gravity factor
gF = supercompressibility factorpv

F = manometer factor for mercury meter
m

Fl = gauge location factor
F = orifice thermal expansion factora

The derivation of some of these factors is very complex.
Actually, several factors can be determined only by very

beenextensive tests and experimentation, from which data have
accumulated so that a value may be obtained.22
The factor Fb depends on design and is a constant for a
specific installation.
The Reynolds number factor Fr depends on the pipe diameter,
and the viscosity, density, and velocity of the gas

= 1 +b-vnp'
, \1J f • 3.443 ?c;jf;!

The expansion factor Y: unlike liquids, when a gas flows
through an orifice, the change in velocity and pressure is
accompanied by a change in the density. The expansion of the
gas is essentially adiabatic. Under these conditions, the
density of the stream changes because of the pressure drop
and the adiabatic temperature change. The expansion factor
Y, computed for the adiabatic and reversible case is included
to correct for this variation in density.
The specific gravity factor F is used to correct for changesg
in the specific grav~ty and should be based on actual flowing
specific gravity of the gas. To make the basic orifice factor
usable for any gas, the proper correction for the specific
gravity of the gas must be applied. F is related to G byg
th e equation:

..

•

e•

I

•
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supercompressibility factor F : This factor corrects for thepv
fact that gases uo not follow the ideal gas law. It varies with
temperature, pressure, and specific gravity. The develop~ent
of the general hydraulic flow equation involves the actual
density of thE fluid at the point of measurement. In the
measurement of gas this depend on the flowing pressure and
temperature. To convert the calculated volume at the flowing
pressure and temperature to the base pressure and temperature
one has to rely on the ideal gas law. As discussed before,
all gases deviate from this law to a greater or lesser extent.
A factor to account for this deviation is necessary in the
measurement of gases. The factor is particularly important
at high line pressure. The following equation is used to
determine the supercompressibility factor:

•

F =
Lb

pv 'fi

Where Zb = gas deviation factor at base conditions

Z = gas deviation factor at line conditions.

Accurate knowledge of the physical properties of petroleum
fluids are fundamental for proper production, processing,
and transportation of the fluids. It is also seen that
accurate knowledge of composition, Z-factor, viscosity, and
density, among many other factors, play an important role
to improve measurement reliability.

•
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CPERA TION, CALffiRA TION AND MAINTENANCE OF AcaJRACY OF ORIFICE METERING
SYSTEMS FOR GAS MEASUREMENT - EXPERIENCE FROM THE ST FERGUS

GAS TERMINAL

OrPL WILCOX

Metering Engineer, Total Oil Marine, Aberdeen, Scotland

SUMMARY

The Frigg gas field was discovered in July 1971 and gas began flowing to St

Fergus shore terminal in September 1977. Approximately one third of Britain's
gas is supplied by Frigg, which underlines the importance of the gas custody

transfer metering system at St Fergus. The operation and methods of calibrating
the metering system is described in this paper, together with the metering

experience gained over the past five years.



two 0.81 m diameter pipelines.
Scotland, and it is here that the

The shore terminal is at St Fergus,
gas is treated and metered before hand
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• 1. INTRODUCTION

Gas from the Frigg field is transported 365 km to a shore terminal through

over to the British Gas Corporation.

At an intermediate platform, MCP01, situated 170 km from shore, the
Frigg pipeline takes in additional gas from Occidental's Piper field and will

soon - end of 1982 - also take gas from Texaco's Tartan field.

•
A Norwegian association and a UK association share the field ownership in
the approximate ratio 60 : 40 respectively, since the Frigg field was found

to straddle the dividing line of the Anglo-Norwegian shelf (Blocks UK 10/1
and NW 25/1). The members of the Norwegian association are Elf

Aquitaine Norge (42%), Norsk Hydro (33%), Total Marine Norsk (20%) and
. Statoil (5%). The members of the UK association are Elf UK (40%), Total
Oil Marine (33%), Aquitaine UK (22%) and BP (1%). Elf are the operators
on the field and Total Oil Marine are operators of the pipeline, the

intermediate platform and the shore terminal.

,.

The present maximum capacity of the two lines is approximately 67 x 106

sm3/day, with an additional average daily quantity of 200 tonnes of
condensate extracted at St Fergus. In late 1983 compression will be
installed on MCP01 for one gas line, and then the maximum capacity will

be boosted to approximately 75 x 106 sm3/day •

Metering of the gas is carried out at three locations: Frigg for the Frigg
field gas production (metering done by Elf); MCP01 for Piper gas and later

for Tartan gas (metering done by Total Oil Marine); St Fergus gas terminal
for the combined gas handed over to BGC. In this paper we shall be

concentrating on the gas custody transfer metering system at St Fergus

which is the responsibility of Total Oil Marine.

The accuracy of the metering is of great importance, because flow and
energy measurements form the basis for contracts. Such contracts include
those between buyer and seller of the gas, between partners of the field,
between companies who enter into agreements to share facilities such as•
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• the pipeline. In addition, the British and Norwegian governments are

interested in the amounts of gas metered for their Royalty payments.
Finally, measurements are required for the proper control of production,
transportation, or treatment, where in these cases the measurements are
process parameters producing reactions from operators or on control loops.

The metering at St Fergus gas terminal is open for inspection at any time
by UK Department of Energy and Norwegian Petroleum Directorate

inspectors, and Total Oil Marine is pleased that it has built up a good

relationship with these inspectors by maintaining the accuracy of the

metering system to the best of its ability.

2. ST FERGUS GASCUSTODYTRANSFER t-£TERING SYSTEM

At St Fergus the gas is treated to meet the specification set by BGC. This
treatment involves : separation of entrained liquid; chilling and then
removing the resulting condensate; reheating; and then metering.

The metering system was designed as two identical metering stations to
ISO R541 recommendations for measurement of flow using orifice plates
with flange taps. Each metering station comprises six 61 cm diameter

metering tubes with normally four tubes on line, one tube on standby, and
one tube being off line for calibration purposes. Every week one tube per
station is calibrated, which means that all tubes are checked once every six

weeks.

The volume flow rate, Qv, in standa~d mJ/hour is calculated according to

ISO R541 using:

Qv = O.OJ9986 ..

where = flow coefficient (ISOR541, section 6.6:1.1)

E = expansibility factor (ISO R541, section 6.6.1.J)

d = diameter of ori fice, mm•



, E = Qv xCV, (3)
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= differential pressure across ori fice plate, mbar• J = operating density upstream of orifice plate, kg/m3

s = relative density

Hence, the volume flowed is obtained by multiplying Qv by the time in

hours.

At the present time, since we are using analogue flow computers, the
constants and are only calculated at one point and so the equation

for volume flow rate actually used becomes:

• Qv =
(2)

s

where K is a constant which is only changed when the orifice diameter is
changed. For each metering tube, differential pressure is measured by two
transmitters. The low range transmitter and high range transmitter cover

o to 62.5 mbar, and 62.5 mbar to 250 mbar respectively.

The corresponding energy flow rate, E, in megajoules/hour (MJ/hour) is

obtained from :

where CV is the calorific value of the gas
energy supplied by the gas is obtained by

hours.

in megajoules/sm3• Then the
multiplying E by the time in

3. CALIBRATION D-iECKS MADE EVERY SIX WEEKS

The following checks are carried out at six-weekly intervals on an

individual metering tube and associated instrumentation:

3.1 Complete system "as found" when tube taken off line.

•
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3.2 Operating density cell •• 3.3 High and low differential pressure transmitters.

3.4 Flow Computer

3.5 Signal conditioners and alarms

3.6 Orifice plates

3.7 Local recorder

3.8 Complete system "as left" at end of calibrations•• 3.9 Operational check out

A complete system check is made when the tube is taken off line to
ascertain the "as found" state, prior to commencing re-calibration.

The operating density cells on each tube are calibrated with high purity

nitrogen. These density cells are installed in pockets in the metering tubes
downstream of the orifice plates. Positioning the cells in the pockets
ensures that the gas in the density cell is at the same temperature as the

gas In the meter tube, and calibration is carried out "in situ".

The high and low differential pressure transmitters are again calibrated
using the high purity nitrogen, at a nominal line pressure of 42 barg. They
are calibrated at five points on the instruments' ranges 0, 25%, 50%, 75%
and 100% of span on both rising and falling applied inputs.

The flow computer is checked by applying simulated values of differential
pressure and density and comparing the observed output with the
calculated value.

The signal conditioner from the relative density analyser to the. flow
computer is checked, together with all the alarms to the metering tube
under calibration .

•
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• The orifice plate is physically removed from the orifice plate carrier and

checked by eye for cleanliness, condition of the orifice edge, and the

condition of the "0" ring on the plate.

The local recorder needed for standby metering measures upstream static

pressure, differential pressure and temperature. The static pressure and
differential pressure pens are calibrated at 0, 25%, 50% and 75% of span
(75 bar) and 0, 12.5%, 25%, 37.5% and 50% of span (250 rnbar).

Temperature is only checked at one point, the gas temperature.

With the complete system having been checked and recalibrated where
necessary, a check is made on the complete system "as left" at the end of

calibration. .v

• This is followed by an operational check out which compares the measured
time for metering 20,000 sm3 of gas and hence the measured flow rate,

against a calculated flow rate.

4. CALIBRATION a-tECKS MADE EVERY WEEK

£)•

For each metering station there are two relative density meters and two

calorimeters. At anyone time there are always one relative density
analyser and one calorimeter on line, whilst the second instruments are on
stand-by or are available for calibration. The calibration of the
calorimeters is checked at one point, weekly, with high purity methane.
The calibration of the relative density analysers is also checked weekly

with the high purity methane and a mixture of methane and nitrogen.

5. MONlHL Y a-tECKS COMMON TO ALL TIJBES

Once monthly on each station a check is made by comparing for one hour
the flow obtained from the sum of the individual tube totalisers with the
volume obtained on the station totaliser. In addition, a transmission check
is made on the calorific value output at source and the actual value being

inputted into the computer.

•



~7-

6. METERINGIMPROVEMENTSOVERTHE PAST 3 YEARS• The main changes made to the metering in the past 3 years are:

6.1 Change of high differential pressure transmitters

6.2 Change from operating density analysers out of the metering tubes to

density analysers in tube pockets.

•
The original high differential pressure transmitters manufactured by

Westinghouse kept drifting, and after evaluating 3 other types of
transmitter, Rosemount transmitters were chosen as replacements. The
Rosemount transmitters have been found to be extremely reliable, with,.
little or no drifting taking place over the six week calibration interval.

The original operating density analysers were outside of the metering tubes

and due to temperature discrepancies ocurring between the gas inside the
metering tube, and the gas inside the analyser, these discrepancies caused
errors in the measured value of operating density. To overcome the
problem, two possible solutions were investigated. One solution was to
place the analyser in a thermostatically controlled enclosure which
maintained the enclosure at the same temperature as the gas in the
metering tubes. The second solution was to change to analysers in pockets
in the metering tubes. These pockets were placed downstream of the

orifice plates. After a detailed comparison of the two possible solutions

analysers in pockets were chosen as the preferred solution, and all the
metering tubes were converted to take the new density analysers.

7. FUTURE PLANS

At this moment, the performance of Solartron relative density analysers

are being evaluated with the intention of using them in place of the ageing

Spanner-Pollux analysers.

To increase the present capacity of the metering, Total Oil Marine is in the

process of uprating the differential pressure transmitters to 500 mbar.
This uprating is expected to be completed by Autumn 1982.

•
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• It is also proposed to change the metering standard from ISO R541 to

ISO 5167 at the same time as the change is made on MCP01 and Frigg.

This change will take place towards the end of 1982.

During the summer of 1983 it is proposed to change from the existing

analogue flow computers to digital flow computers. The main reasons for
the change are the increased computation accuracy to be gained, and

increasing difficulty in obtaining spares for, and in maintaining, analogue

flow computers.
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1, Introduction

The history of the turbine me~er for gases goes back to the beginning

of this century. At that time the size of the wet drum type gasmeters

had 'increased to impractical dimensions and the i sear ch for .other flow

measuring techniques s tar ted ,

One of the techniques was to measure the velocity of the medium by

means of a propellor.

In these early turbine meters the shaft was always vertical, in order

to decrease bearing load, thus minimising' friction and wear (fig 1)

Because' of the lack of proper 'materials and bearings' these, meters

,were regarded as unreliable and were only used for' -indus t r ia I iDea~>

s ur ement.s , However,at that time it is a l r e ady recognized that these

meters ;"ere, highly, sensitive to changes' in the flowrate had a good

- -r'epeata:bility, and a: one 100'ten -rangeabil~ity; -That, ",as - in - the -,mid

, -t.h i r t. i.e s ,

'Not untill the technology permit-ted the manufacture of b~arin:gs. c'om-,

par abLe with the modern bearings' the de~elopment of the turbine me-

ter as we know it today started.
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•2. Metrological position.

Prior to dealini with the propertie~ of the turbine .eter itself a

comparision will be made between the two systems In use for large

scale gas flow measurement.'

The uncer ta in i ty of a well maintained' system consisting, of an ori-

ficeplate, a dp cell, a densitometer and a flow computer, operating

';"ith high pressure ga's at 70% of its rated capac i.t.y is estimated to

be 0,7%.,

• The uncertainity of a system consisting of a ,turbine meter, calibra-

ted with high pressure gas a densitometer and a, flow, computer, opera-

ting under comparable conditions am~unts'to 0;45%. Application of the

most, accurat~ .seconda ry instrumentation would bring ,down' these figu-

res. For the orifice plate, system to 0,6% and for the turbine meter

syste~to 0,35%.
.. - .~.

The price, for th1s" improvement ,is'th~ cos c ,of an, automatic di f f er en-r

tial pressure gauge (Dfl 180;000)' in the' case of th-e orific'eplai.e.;

In the tur b i.ne meter system 'a, flo~ computer' with linearisation for'

the error curve of 'the turbine meter has to be installed at an extra

cost of approxima~ily Dfl 8000.

The .r angeabLfLt.y of the orificep,late ,system.-is one to three with the

penalty of increased' uncertainty at low flowrates. For the turbine

meter system the rangeability is one to ten with a constant figure

for the uncertainity over the whole range. For the more sopb Let Lcet.ed

systems for the orifice plate the penalty of increased uncertainity

is removed while the rangeability of the turbine meter ,system in-

creases to one to twenty and in some cases even to -one to fourty.

•
Although the orifice plate is more simple and more robust than a tur-

bine meter it requires more secondary instrumentation. Especially

when high accuracy is required the complexity of this secondary in-

strumentation is such that the simplicity of the primary element' is

compensated.
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• In general the upstream lenght for, a turbine meter is shorter than

for an orifice plate, thus offering the oppor tuni ty to' build more

compact installations.

3. Operating principle.'

,The axial flow turbine meter is a device that measures the velocity

of the medium, flowing through a passage of known area. This passage

is formed by' the' hub of the turbine ~heel 'and the wall of the meter

hou- sing. The blades on the turbine wheel are -positioned under an

angle with the direction of the flow.

• The ideal turbine meter has infinitily thin helical blades and is not

subject to any kind of friction.
>

UadeI;' the conditions .mentioned above' ,it would be possible to calcu-

late the relati~mship between throughput' and',speed of the rotor from

,t'he" dim~nsions of them~ter.Tliat- ,r'j,i"i.t'{onsliip, -{SO 'i"inear can be' re':"
p:res'ented as:

c .n-o f=
,~

= a

,~, ,."
Where C 'is a .ccns tant; determined' ~y the gear 'train, n the rotor

speed" ,0 the actual flowrate, ,f ',the indicated flowrate and a, the

coefficient depending on meter geometry.

In the real meter however the blades have a certain thickness, fric-

tion occurs obstructions in the flowpath are'present.

,The result of this is that the relationship between rotors peed and

throughput is not any more lineair.

It can be represented as:

(1)

• calibration

of aI'

data.

are determined by curve fitting of theThe values

value a.
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4. 'Construction

In general axial flow gas turbine meters consist of a press!-,re resis-

tant spcol pLece 'in which' the "measuring element is inse:"ted. so the

static pressure does not influence. the dimensions of the measuring

element. A~ the moment the products of most gas turbine meter manu-

facturers present a strong similarity in aerodynamic design.

(1) Upstream of the measuring element is the flow conditioning zone

.which consist' of a nose cone provide.d with flow guide vanes at its

upstream end. The 'annular passage between the nose cone and the wall

of the spoolpiece in most cases has a constant cross .sectional area

over a length of 'about eight. times its width.

As the majority of. the gas turbine meters are used for custody trans-

fer ·they have to fuLf iL'l.r a number of requirements. A good survey. of

these requirements 'is given in the ·EEC directives (2). One of these

requirements is·that the meter' should have a mecbarricel ~ndex•
.~." - . - _ ....- :"'"' .- ..- - - ...... _ ... - ". - ". - ..

. That mechanical. index is driven by.' the turbine whe"l by means of a

'gear' train.··. Par't 'of this 'ge'ar" train' is a magnetic: coupling '. that

brings ·the rotation of the drive shaft outside the pressure resistant

housing. In addition to the mecpanical index' most turbine meters have'

one or t,wo electronic sensors 'as a second means of read out. In the

ca~e .of application of a flow computeT this is a must. This can be a

sensor direct to' the i:urbine: ·wheel 'or' .tc a .disc. on 'the mainsbaft 'or a

sensor to a disc .on. a shaft on the atmosferic side of the magnetic

coupling somewhere in the gear train;

.A.combination of the two offers the possibility of a continuous check

of the' integrity of the' electronic output of the meter.

As the robustness of meters is increasing there is a tendency to rely

on a combination of sensor' in the gear train solely.

On the gas turbine meters there ·is one or somethimes two pressure

tappings in' the same plane. marked P'r, where the relevant pressure

must be measu·red.
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The position of'this tapping is the, result of carefull jnvestigation

during the design and testphase of the meter. In the case that for

the computation of the mass flowrate through the met~r the pressure,

measured at another tapping woul.d be used an unknownerror is intro-

duced.

As the expansion over a turbine' meter is. low the point where gas tem-

perature in meas ur ed is of little importance; some larger meter s d_o

have a thermometer pocket. For the smaller meters it is recommended

to measure the temperature as close to the outlet flange as possible.

.Anot.her important feature of the construction .of a turbine meter is

the' choice of ,th~' bearings of the 'turbine shaft., This a compromise

between low friction and durability.

Initialy ,the turbine meters were used to measur evgas at low pressure;

That means driving torque i~ low, s o i t.he bearing friction has ,to be'

__,~o~.!=~... "hi.eve, good rangeabili ty" However bearing 'load was also "iow......... --- - --.-~.
The calibration of ' the meters was performed with, air u,nder atmosferic

conditions.' Lateron wi'th the ,increase of ,the pressure, "f:the gas 'tt!."

-, - .- .

be measured the bearing load 'increased.- The calibration with atmos-

feric air however remained the criterion for acceptance and judgement

~f, the" quality, especially the rangeability,' of' the meters. At,the

moment the 'e,quilibrium between durability under high pressure and

rangeabi).ity ,wi,th, atmosferic ,air has been achieved, provided the gas,. - . . . . . - . . . - . . . . .
conditions are not too adverse. An additional benefit' of tbi's

devel'op- inent is' that the rangeability at high pressure is extremely,

large. Unfortunately only very few users do need that.

With the appearance of the calibration of gas meters under operating

conditions the, situation is' changing. 'As soon as the high pres eur e

cslibration has the same official status as the low pressure air ca-

libration' the task for the meter designers will be to find the new

'equilibrium' between durability and rangeability both at high

pressure. It will enable the manufacturers to build meters that will

be able to withstand even more adverse conditions than the pre- sent

meters already do.
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5. Characteristics

Deviating from the representation given in chapter 3 in practice the

behaviour of the gasmeter is represented by the' error in the 'reading

at various flowrates.' The r eason therefore is that the same way of

representation is used in the legsl prescriptions and certificates.

The error 'is defined as:

f - fJ
Y=--r-' 100%

where f is, the 'indi'cated flowrate and jJ the actual flowrate.

The results of a calibration are presented as a table containing the

measured data and the following polymonium which represents the best

fit curve of the measured data. (fig. 3) •

. m . n 0
Y = Ao + AIX + A2X + A3~
Y = error of, the meter in %

fJ 'x ~rmax
'," m,,"'_ .::-(). ,2"

n ;. -0;33

o,~~-i,o:
The exponents In, n and 0 always have the values mentioned above. The

,- -

",values individual me-'characteristic theforA A' A012
are

otero

'Mu<;li,,can 'and has been said -about; the behaviour of, turbine meter.s tm-r :

der various operating conditions, In the following those properties
, , .

that are of importance for the' practical applicatio,n will 'be discus-

sed.
1) Turbine flowmeters always repeat ,very -well, in the order of 0',1 per

cent (2,0 = 0,1%) or better as' long as the properties of the medium

do not change too much. The lowest flow rate for which this statement

is valid depends on the static pressure and decreases with increasing

pressure.

2) For the majority of the modern meters it "'S possible that the cali-

bration curve with atmosferic air and with ,gas at elevated pressure

are both within the legal tolerance limits (fig; 4 ). As the shift of

the error curve under influence of the density is individual a

calibration under conditions approaching the operating conditions is
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necessary to get the full profit from t~e good repeatability. In this

case it 'may' be necessary to adjust the meter in such a way that the

air curve lays outside the tolerance limits. (fig. 5) .•

,3) With increasing density of 'the gas the linearity at lOw flowrates

improves resulting in an increasedrangeability (3). For larger me-

ters a rangeability of one to fourty is no exception. (fig. 6). For

the ~malier meters this figure is one to thirty. '(fig. 7)

4) Whenoperated ..r.ith gas at high pressure (40 bar and higher) bearing

friction only influences the error curve at very low flowrates •

6) Installation and operating. conditions.

The general s t a'temerrt; can be made that disturbanc~s in the gasflpv

upstream of a -turbine meter should be avoided. Anything other than a
, '

straight pipe must regarded as a so~rcefor disturbances. Disturbi~g·

, -~ie~ei1t~-~an-be- devid"C!' 1.tito'-two.groupe';. 'High' leveY ilisturban"ces -and' .'. . - '

low level !iisturbances. The first catagory is generated by throtqing

;eiem~nts :wi:th:o';'e": c~itical expansion. 'The secondcatagoryis' genera-

ted by piping configurations as bends. Tee"s and headers 'in which the

velocities are of the same, order as the entrance velocity' of the me-

'ter,.
In the case that high level ais'turbances are present the appli-

cat.Lon.of"';· .oodified'· Sprenkle' s'traight'ening· (£i'g. '8) vane ' installed·

as indicated .in. fig.9 :will ,make.sur e that the. error of the meter will,

not deviate by 'more than 0,2% from the error in an undisturbed flow

(4). The high pressure drop of this type of flow straightener can be

accepted because .of the presence of the tbrotting element with the

overcritical expansion.
When low level disturbances occur the application of a flow

straightener, with ,a lower pressure drop .will be sufficient. The tube

bundle straightening vane is the most wellknown type (fig. 10). To

give an impression of the influence of one of the most severe low

level disturbances, two bends not in one plane, the following. This

disturbance ten pipe diameters upstream of a turbine meter causes a

s'hift in error between 0,1% and 0,8%. These figures have been measu-

red in'a test with 5 meters of different construction.

-,
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The more vanes the internal flowstraightener of the meters has, the

lower' is the influence of the disturbance.

" '

More difficult to quantify is the influence of flow 'pulsations so'

only Somequalitative rem'arks'will be made ,

Pulsating,flow wiil not influence the indication of the meter as ,long

as its frequency is loW in respect to the time constant of the

'turbine wheel. When the frequency is such that there'is an influence,
, . '

that influence is smaller as the amplitude is smaller with ~espect to

the avarage flow rate. More detailed and quantified information on

this subject is given by Dijstelbergen. (5).

Recent developments'

One·of the. most recent innovations in turbine .."meter construction is

the auto adjust ,ineter' manufactured by Rockwell. In this meter down'

':Strea~ '"f,the'-lii;'-in' turbine'i.heel "a "second 'free "'running' tiiibiti'e',wneeL "'
,with on Iy a very small, blade, angle is, installed. Because .of. the fric-:"

tLcn'of the'meter,'ihe £16.. :do\m~treain i>f,the~;'~in: rotor cis s:lightly

,rotating, proportional, to the friction of 'the, mainrotor. This rota-

tion will, i';fluence the rotation of the second 'turbine wheel (sensor

rotor) proportional to the slip of the main rotor. So the slip of the

main rotor is measured and is corrected for ,:le'ctronically.

,In this meter errors caused by changes in the mechanical friction are

,correc ted.

Changes .o f the error caused by an' increased inlet velocity at the

turbine wheel because of blockage of the flowpath will not or only

partly detected. A more detailed description is presented by the ma-

nufac turer (6).

Ano'ther design which mechanically very much resembles the Auto, Adj'ust

meter is a prototype of a direct massflow meter.
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It consists of a normal turbine wheel which is coupled to a(constant
torque brake.) Downstream oof the turbine wheel is a free runn i.ng sen-
sor wheel with straight vanes that measures the swirl oof the gas flow
downstream 'of the 0 turbine wheel. Both °rotors h'ave an electrclnic rea-
dout. It can be derived that the mass flow through the meter is:

in which

. n
= K.--.w

kg/ sec.
K =
ri =

.a. constant.

speed of the turbine wheel.
w = speed of the sensor wheel.

References ..

Dijstelbergen H.H., Gas meters.
inoDeyelopments in Flow measurement 10

•

R.W.W. S~ott (ed.).
po';bli"-hedbOyAppii"ed-Sdi.encePublisherso-li:d:- :- :-

oRipple Road, I!arking,oEssex, Eng Land, •

2 a Reccmnandation Internatianale No 6: PRESCRIPl'ICNSGENERALESJX>UI"
les cx:MPTEURS de VOLUME de GI\Z. -
Bureau International de Mo!trologie Legale, Pads.

2 b Reccmnandation Internatianale No 32: (X)MPTEUR5 de VOLUME de C-.AZ
a PIS'lDNSrorATIFS.
cx:MP'l'EUR> de VOLUME de GI\Z a TURBINE.
Bureau International de Mo!trolcigie Legale, Paris.

3) Enjen E., Untersuchungen Uber die Heszeigenschaften von Hochdruckgas-
ozanlern.
11 Teilbericht: Hessungen an Schraubenradgaszahlern.
1964 Gas und Wasserfach. 105; Jahrg Heft 43.
seite 1192 - 1200 0 23 oktober 1964.

4) Bellinga H. and Stronk H.B., The practical application of flow
ostraighteners with turbine flowmeters for gas. Paper BFL 242. Pre-
sented at the lHEKO VII Congress. London Hay 10 - 11, 1976.



e·

j

•

TP/lD 82. R.226

- 11

5) Dijstelbergen H.H., Dynamic response of turbine flowmeters.
Instrumen~ Review 241 - 4. June 1966.

6) The Auto Adjust Turbo-meter: Development and Theory.
Gas Line.Vol 6 ~umber2 1980.
publ: Municipal and Utility Division'

Rockwell International
Pittsburgh USA.

". - .- ."



o.

•

i

•



l~ .. l-

IIOg5842~m'l

~
:; I-

~. 1"'---

~ ~ I~'F~ }Y' ~
~ 0 ~l ~ ~ """"",,2,~-, <>:'"'"<:"''''' ~r-,-, -. -. -, <>: """ 0: ~

~ CDI . I
~

~,,~- r-
J r h

V
~-------- _.-j '../ I--

Jl. /
......... .<~ .JL v

.I A :::L
~ ; l-

I ;:::..
~ <, -,'" -,-, -, '" '" '" '" '" -, -, """"" ""

~

-, r-,

~ . ~12.. e,

.......

• •' • , ..

FIG. 2



•

•

•

I J-.U "l

. J

S()~i. n~~ : Tu:-1Ji nc[csTIJ(> t.e r L~:qcc.rvi cJJF'ab r ik a a t : Instroruet
l';ulI..'l1cr .. j aa r t a ) : 27452 - 1975
G- \...·.'3Tdc t).'[!e ro: G 16000, SU-RI-D 600 P 50 I t e l""

O:..ax/Cbin
I

I
I

: 25000 / 1300 U13/~. 66
r:;clcrpmax : 80 ' bar

DJLh:~l

Cc n ifuaat
"91101 '1

d"biet fOUl :<: I 'DO' ')m'/h 62 bar bar

20400 +0,1
-" /20160 +0,2 ,-

-

15640 +0,3 - 7-
- - /1'1200 +0.4 -

0870 +0 4 /
8120 +0.4 /
6040 +0,4 /
4040 +0,3 /
2600 +0,2 /
1270 +0,2 1/

IY,

rk

polynoom
,Y = AO-+AJX"' + A2X

n ..A3Xo

v-a a r in :

Y = fout van de meter 'in :<:

Q • 3/ -X --- In m h
<[.nax

m = 0,2
n = - 0,33
0 = - 2,0
AO = -9,3271
Al 19,7645
A'z =-10,3709
A3 = 0,0034

aanwijzing meter - doorgestroomd ~olumefout = xdoorgestroo~d volu~e
, '('y-lj'iOO:t)'

100 :<: - tf>
muatgevend gesteld

"
druk bij p

r I.
is bij de bepaling van de fout

tcstmediuD kg/m~58

bijzonderheden : plaats'il'esterbork • darue 30 maart 1981

datum onderzoek :

eincstand tel~erk

a2nta1 ij I:m"d',en
opschrift
vol.massa gas 0,5

:

65



IS.
FIG. 5

3031.1.o.e,----.~...._-,,--.-'---._,----,'_....,-_..,_._,.---._,----,_-.., ,.---,-_"_.-, ~ __
. _~'. 8.1.0 & 60 bar

0.6 . 1.0 & btJ barrr i::t==F::t..;;;...t--i-t-lr-t--.t-i-f9=r:::..t-i''''~-L~__•
4000

-;'>,• - ATM. AIR
- BborGAS
--- 40 &60 bar GAS

-
FIG.4

40&60bor Bbor J 303l.B

1
0.4

0.2

~ 0
D

a: 0.20a:a:w 0,1.

it I 0.6

0.8

\0

\2

\4

/

/VI "~"r- ..
2"(' , 0 8 0 1200'- I-~ 3600 IDJ)-~

v
-'.- -

.. - _J -_.- -. -- -+---l

CALIBRATION CURVE OF TWO TURBINE FLOWMETERS.

ATM. AIR
B bar GAS..

-- - 40 &60 bar GAS

• -



.
1.0

-I
0.8

0.5

0.1.

:!! 0.2D

:5 0
a:
ffi - 0.2

j -0,1.-0.5

•

t 0,1.

'$. 0.2
a:
o 0

i-o.2
I -0,1.

, -0,6

-0.8

-1,0

-1.2

•

Ie.

-0.8

-1.0

FIG. 6 ,
G 16000 271.52

./ -i- II.. ......
It. / ~ I I~<oJ./ oA«-
7 50 ar

10 20 30 1.0 50 60 70 80 I 90 10
FLOWR ME %\',

I

.

- ATM. AIR----- 20 bar GAS

8 bar GAS

60 bar GAS

1.0

0,8

FIG.7
G 650 35129

\
\ -,- ~:....-!!!:.1\ -~. 1-- .. - 8 bar

~
...... 'iI 'l>~. I -rr- -..I......

l ,U'I 20 30 1.0 50 60 70 80 _9u- 1
FLOWR TE !%'11! 1\ ~ ~

"" 1#~,

I,1/

0.6

CALIBRATION CURVE OF TWO TURBINE FLOWMETERS

o

o



•

•

•

P- o
~ ~

! : lI

l-
iD

I II
I

I I I: i
I

'a -!'
---- - ___ __ t: t:.I__ -

,~

IH IH
THE PERFORATED PLATE

HAS A FREE AREA OF ]0°/.•
FIG. 8



1ft •

• r - - - - - - - - - - ---,
I I
I r----T--,
I
I
I

•

_ pa40_20bor

/"~''''''"''''r

:: 50 1
1
,-0-

30
l20--l1f----C:+--i~'-- __ _ 1:0 ~ = 8 bor-

FLOWMETER

\
___~ GAS PRESSURE REGULATING AND METERING UNIT

12"

6-

FLOW DISTURBER FLOW STRAIGHTENER
'P':'W\. 'Fo~ ....,.~
T ....A-"T"E-~

'0 50 3D 20

• FIG,9



•

•

•

,

I--- ~-

r
fr
!

f:
i
"•
~.,
i
,
I
t '~.,
i
i

~
I~.
E

"
s.:

; .

/9,
o --=-.0 _ --_.

.1,

" ...

FIG. 10



• •1) 'JJ •) •
Auto-Adjust Turbo-Meter Main Rotor Sensor Rotor

."-G>
Sensor Rolor
EXit veteeuv

Main ROlor
Retarding Torque

Sensor ROlor I
Speed Us ISensor Rotor

Retarding Torque
INeghg,blV Small}

Defined Auto-Adjust Turbo-Meter Accuracy 0: Urn - Us = (Urn)_ (US)
UI UI U,

= (1 _Tan 9)_(~ _ Tan9)
Tan /J Tan /J Tan /J

= (1 - ~) = Constant
Tan /J

r-



r--l
I

I
•

-----1
3

I
I

I
:
C
l3

I
I

.::!£
I

I
II
I

I
E
I

N

I
0'"1

r
"

I
I

.
I

.
----..,c

I
o

I
I

U
.

L__
.J

•o••

u.

,.

FIG
.
12

"



Lecturer: H. Bellima
Engineer
N.V. Nederlandse Gasunie

NORSKE SIVILINGENI0HERS FOHENING•

•
MEI\SUREMENT OF GAS AND LIQIUDS

June 7-10, 1982
Rogaland Regional College

Stavanger

CALIBRATIOO OF GAS ME:I'ERS

REProJu:::TICI'I IS PIDHIDITID WITHaJI' PERMISSICI'I m:M NIF AND THE JllJl'HOR

•

fltough
Stamp



•1. Introduction

.-

•

Rapport TP/ID 82. R.245

- 2 -

Right from the start of the gas industry the necessity to measure

the product that was sold was appreciated. The way this measure-

ment was accomplished strongly depended on the use that was made

of the gas and of its origin.

In the early days, 1.e. early 19th century the gas was manufactu-

red gas, almost exclusively used for lightjing so 'the customer was'

charged for the number of lights and the time he was allowed by

contract to burn them. As the application of gas became more di-

verse the development of gas metering, equipment started, finally .

resulting in the gas meters as we know ,them today. As manufactured

was an axpens i.ve product there was a strong incentive to aim. at

high accuracy. The manufactured gas history mainly took place in

Western Europe.

In the United States, however, the start of the gas industry was

different. The gas to be handled was natural gas th'at was"wo~ as-

sociated with oil which was, the target of the drilling activities'.

Initially it was considered as a waste product and ,the quantity

was quite large. The result of this was that the applications were

quite different from the applications of manufactured gas. As the

quantities of natural gas were larger its price wa's lower.

In view of the circumstances mentioned above it is understandable

that simplicity and robustness of the measuring system was appre-

ciated more than accuracy. Under this climate the pressure dif-

ferential flow measuring system was developed resulting in the

orifice plate metering,system as we know it today.

With the increase of the price of energy the demand for accuracy

became the same for all metering systems.

However different the various measuring systems are in construc-

tion they have one thing in common. The need for calibration. The

methods of calibration are just as different as the co~structions •
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In the case of the orifice plate the calibration is carried out by
carefully· measuring the' dimensions of the orifice plate and the
adj acerit; tubing and checking if the whole fulfils the require-
ment s of the relevant standard , It is remsrkable that there are
more than one, quite dev1.ating st andards for the same measuring
dev.ice.

This indicBtes that development is still taking place.

The other gas meters are of a more complex construction than the
orifice plate. The result of this is that it is not possible to
predict their behaviour from their dimensions.
The consequence is that this group of meters, and among them the
turbine meter, has to be cslibrated by compsring their output .ig-
nal with the output signal .of some st andar'd metering device of
which the characteristic is known.
According to most of the international and national regulations
this calibrstion had to take place with atmospheric air. The rea-
son for that is the fsct thst air under atmospheric conditions is
a universal medium which easily could be agr-eed upon at the com-
pletion of international directives.
lIowever, it is concluded from experLments that correct registra-
tion of atmospheric air· is not always a guarantee for good measu-
Ting capabilities of gss at high pressure (1)•.
FOT this reason several calibration facilities operating with a
medium of higher density have been built or are under construction
in a number of countries.

In the Netherlands the Metrology Act has been amended to give the
results of high pressure calibration facilities B legal status.
In the "lat e seventies an intercomparison measurement campaign hBS
been carried out between the British, French and Dutch calibration
facilities (2).'
Prepsrations are being made to give all these installations a com-
mon basis, acceptable for the Community Bureau of Reference of the
Commission of European Communities.
As soon as this has been accomplished the high pressure calibr-a+
tion can be introduced in the international directives.

•

e•

,
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In the following a number of high pressure test facilities tra-

ceable to primary units or a primary standard for gas measurement
will be described.

2. Installations

2.1 France

•

•

Of the basic installations rn Europe the installation of Gaz de

France in Alfortville is the oldest one and for that reason it

will be dealt with first.

The GDFhas 3 test facilities, namely a primary one (fig. 1) and

two secondary ones, for measuring the flow of natural gas at high

. pressures (3).

Only the installations designated as the secondary tes t; facili-

ties, however, are. suitable for the c·alibration of normal commer-

cial high+presaure gasmeters at hi.gher flowrates; Although diffe-

rent in size t.he :secondary installations do have the same layout

and operating principle (fig. 2). Here critical flow nozzles serve

. as standards for the flow 'measurem~nt, their coefficients CD

having been determined with the aid of the volumetric method 'in

the primary test facility, fig. 1. The GDFestimate that the mea-

suring uncertainty on the primary test facility is of the order of

+ 0.25 per cent (4).

In the primary test facility (fig. 1) first of all the gas passes

through' a filter and subsequently it is controlled 'by an adjus-

table pre sure-regulating valve to give ·the desired pressure for

the nozzle to be tested. During the measuring phase the flow

the measuring vessel which has a volume of approximately

The density of the gas in the vessel in the initial' and

fills
32 m •

final.

state of each test is calculated by means of the pressures and

temperatures measured after a period of stabil ization and related

to the density measured at' a location ahead of the nozzle. The

instrument, which works on the basis of the principle' of the vi-

brating cylinder and is calibrated with methane, serves as a den-

sitometer.



a the pressure PI ahead of the nozzle,
b the density p 1 ahead of the nozzle,

·c the tempe.rature Tl ahead of the nozzle, ,d the initial pressure p. in the vessel, and
1.

e the initial temperature T. in the vesseL,
1.
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The density 1S checked by being calculated from the measured com-

posi tion of gas as well as ·from the indication of a measuring an--

strument for relative density which can be made available.

The volume of the vessel at atmospheric pressure was·determined by

measuring its content by filling it with water with the aid of a

calibration bottle. At the test conditions the increase in volume

because of the higher. gas pressure is taken into account analyti-

cally. In order to achieve a better and quicker stabilization of

temperature, t:he nozzles, measuring vessel, control devices and

the inherent piping are placed in a water bath which is tempera-

ture controlled.

The measurement is then carried out in the following manner : with

the aid of the pressure regulator the desired mass flow through

the nozzle which is to be calibrated is set with valves Rl and

R2 open and a period. allowed to· obtain s tabi l.Laat.Lon of the flow

conditions.

The following measurements·are taken

Both of the last named measurements serve to determine the initial

density p and thus the mass of the gas contained between thei
valves Rl and R2 inclus~ve of the vessel at the beginning of

the measurement. The second phase of the measurement begins with

the closing of valve R2• At the same time an electronic timer is

started. The gas then flows into the vessel.

The values, p, T and at the inlet of the nozzle have to remain

constant and so the filling of the vessel has to be finished be-

fore the pressure crosses the threshold given for the maintenance

of the critical pressure ratio.

•

•
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With this design of nozzle this amounts to approximately 90 per -

cent of the pressure ahead' of the nozzle: The valve Rl is then

closed and at the same time the electronic timer is stopped. 1'he

stabilization of the temperature of the gas in the volume shut off

between the valves Rl and R2 has now to take place before the

final values Pf' . P f and Tf can be measured for this volume.

From these values the discharge coefficien.t of the nozzles is cal-

culated.

The primary test facility is not used (and not suited) for the

calibration of meters. The secondary test facilities therefore

serve this. purpose They are also fed from the high-pressure natu-

with flowrates, 1.5, 5, 10,

(p
n

one (fig. 2) seven sonic nozzles
"3 .

20, 40, 100 and 200 m /h relative to
ral gas pipeline. In the smallest

= O·C}25 bar and Tn
flowrates other

arethe standard condition = 1.013
values canavailable. In the f r amework of these

also be obt ai.ned by connecting the nozzles in parallel.

The coefficients of the standard nozzles' were 'determined using the

primary test .·facility. The nozzles,' with straight inlet lengths

between 8 and 20D, are installed in the secondary test facility so

that the smallest length is applicable to the nozzle with the.

smallest throat.

The test facility is in the open air. In order' to guarantee ade-

quate temperature conditions those parts of the installation which

are essential for the test are supplied with thermal insulation.

This secondary test facility allows the testing of nozzles and

gasmeters up' to pressures of 41 bar and flowrates up to 2.6 kg/s

at, for all practical pur-poses , an unlimited duration of the test.

Recently in Alforlville anotber secon'dary facility of larger capa-

city has been built. .The standards used are of the same origin as

those in the first installation.
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The layout of the installation is quite the same as the smaller
-installation. It is also in the open
insulation. The maximum· capacity is

air which requires thermal
60.000 m3/h at pressuress

up to 50 bar.

In Poitiers at the premises of the Centre d'Etudes A~rodynamiques
et Thermiques a calibration facility is installed (5). In this
case sonic nozzles, calibrated at the pr1mary installation in Al-
fortvilie are used as standards.
The fluid is compressed air. Maximum flowrate is 150.000 m

3/hs
at a pressure of 50 bar. At maximum flowrate the measuring time is
limited to 120 seconds (fig. 3).

2.2 United Kingdom

In the UK two facilities do exist in which gasmeters can be cali-
brated with gas or air at elevated .pressure. Of these' installa-
tions one is directly coupled with a primary -installation, the
other <i s a secondary installation derived from the primary
installa- tion.
The test facility of NEL 'in Glasgow (fig. 4)' is operated with
air (6).

First of all a compressor feeds the air into a 312 m storage
volume by way of a plant whi'ch dries the air and virtually elimi-
nates oil vapours and dust. From the container a loop system with
a volume of '6 m3' is filled with high-pressure air at a pressure
of up to 82 bar. When the temperature conditions in the ring con-
duit are stabilized the valve X is opened. The air - the pressure
of which is kept at the desired value by the adjustable pressure
controller - flows first of all through a sonic nozzle which ser-
ves as a standard and which adjusts to a mas. flowrate correspon-
ding to the inlet pressure and the temperature.,

From the nozzle the compressed air flows through a switching de-
vice either into a high-pressure spherical vessel (diameter 1.5 m)
~~ich can be weighed on a scale or into a testline where the flow-

meter which is to be calibrated is installed.

•

e•

&

•
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Downstream of the test1ine .the air flows through a siLencer unit
-into the open air; various valves make possible an adjustment of
the pressure in the testline to the desired value.

Thus the NEL facility is a ·pr1mary test facility based on the gra-
vimetric method and is combined with a secondary test facility.
When the valve X Ls opened to start the measuring process, the
loop system is connected at the same time with the storage contai-
ner. Thus the air of known temperature which flows from the loop
to the critical flow nozzles is replaced by air from the storage
container. It 1S true that this air from the storage container
cools off as a result of the decrease of pressure, but the tempe-
rature of the air in the testline is not influenced by this so
long as there is still warmed air between the inf10wing air from
the storage container and the outlet of the loop.

Before a gravimetric test can be ·started the· flow .conditions
'through the standard sonic -nozzle have to be stabilized. As· aoon
as the readfng.s of pressure at the .critical flow nozzle indicate
that the-conditions· are stabilized, the diverter ca,n be s1'litched.
An electronic timer is start~d at the same time by -this.switching.
The spherical .vessel that had been weighed previously when it was
empty, is.now being filled for a given diversion period. At the
end of this period the ·diverter is switched back to its starting
position again and the timer is stopped automatically. The vessel
can then be disconnected from the filling line and lowered onto a
weighbridge scale. From the difference of the weighing in the ini-
tial and final state and the time interval of the switched period
the mass flowrate can be obtained. From the readings of the pres-
sure and temperature ahead of the nozzle registered during the
measuring period the nozzle coefficient can then be calculated.

The direct gravimetric calibration of a flowmeter installed in the
testline on the other side of the diverter is not possible. Either
8 secondary calibration test can be made measuring the mass flow-
rate with one of the standard sonic nozzles installed upstream of
the diverter or an indirect connection with the gravimetric rig

can be made.
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Calibrations can be carried out at the National Engineering Labo-

ratory at pressures up to 70 bar and at f Lowr ates up to 5 kg/s.

The accuracy obtained in the primary measurement as estimated by

NEL is approximately ~ 0.1 per cent at the 95 per cent statistical

confidence levels. The overall uncertainty of a calibration of a

flowmeter is estimated to be better than + 0.3 per cent.

At present British Gas 1S constructing a calibration facility in

Bishop Auckland. This installation is installed in the connection

between two gas transmission systems.

In this installation turbinemeters will be used as standard meters

which are calibrated with sonic nozzles that have been calibrated

a t- NEL. The mediumwill be natural gas and the maximumflow rate
. 5 3

will be 8,5 x 10 m st/h at .pressures ranging from 35 to 70

bar.

2.3 The Netherlands

in. the Netherlands there 5' installations available to carry out

gasmeter .calibration with a medium of high density. In four cases

th is is natural gas, .in one case it is ethylene.

The test installation in Groningen (fig. 5) has been set up in the

laboratory of Gasunie.

The gas after having passed through the test installation flows

into the piping system of the local distribution company.

The temperature of the ga.s in the installation equals the room

temperature. Temperature drop due to reducing pressure is compen-

sated by heat exchanger s •.

Part A is called "the primary high pressure standard installation".

It consists of

400 m3/h each.

10 rotary meters of the CVM-typewith a capacity of

The CVM meters are calibrated individually with
3atmospheric conditions by means of the 3.5 mnatural gas at

bell prover of the Service of Weights and Measures.

11), tested with the bell prover as well,A CVMmeter (nr ,

installed at position D is calibrated at a gauge pressure of 8 bar.

•

e•
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The gas after having passed through this meter at high pressure is
measured at low pressure by means of the 10 CVM meters arranged in
parallel. In order to prevent great differences in temperature a
heat exchanger is placed between the meter installed at D and the
meters working at low pressure.
Subsequently each of the 10 CVM meters in the installation is ca-
librated separately at 8 bar gauge pressure with the calibrated.
meter no. 11. Then meter nr. 1 and nr. 11 were made to change pla-
ces and the same test cycle is carried out with meter nr-, 1.
By carrying out this series of tests with each CVM meter of the
installation, sufficient results have been obtained from which
accur a t;e error curves could be- deduced.

The "primary standard installation" is mainly used for the cali-
bration of meters used.as reference meters in other installations.
Meters installed at pcsi.t.LonD can be tested at pressures up to
40 bar. The maximum operating gauge. pressure of ·the CVM meters is
8 bar. This means that· the maximum capacity of the

. 3 .. . 3
m t/h (m t-s 8.

installation
3

mapproximately 40.000 = atamounts to
base conditions).
Part B is the installation with which the normal verifications and
calibrations are car r ied out. As shown in fig'. 4 the standard me-

terss being a CVM ·meter of 400 m3/h and turbine meters of

650 1.600 and 4.000 3 calibrated directly with.m Ih, can be the

CVM standard installation.
Meters to be tested are installed at position· C. If necessary a
heat exchanger is installed between the meter under test and the
standard meters.

The test installation in Bergum is at the moment undergoing a to-
tal reconstruction. The reason to do that is three fold.
First the installation is modified such that the meter under
test and the standard meter always operate at approximately the
same pressure.
This has the advantage that during the.calibrations the knowledge
of the gas composition, i.e. compressibility, only has 8 secondary
influence on the results.
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Second : a set of small standard meters 18 installed so also small

meters can be c'alibrated.

In the new configuration the capacity of the instal.la t ion will

range from 90 m3/h to 200.000 m3/h at pressures ranging
s s

from 9 bar ab s to 51 bar ab s ,

Third :' by modifying the pressure in flow control system the Ln-:

fluence of pressure changes in t;he outlet piping is minimised or

cOlIlpletely avoided.

The gas that has been used in the installation is' supplied to a

power station.
Schematically the installation is shown in fig. 6.,

The gas enters the installation at a pressure of approximately

60 bar.

After having pa s-s ed a filter the gas is flowing through a combina-

tion of a heat exchanger and a bypass in order to compensate for

the temperature drop during the eventual pressure reduction,

In the case' the pressure' during the calibration is below 15 bar

'gauge pressure the 'pressure ratio in the outlet control valve is

subcritical.

In that case the outlet valve is, switched in the pressure control

mode and control the pressure in the installation.

The pressure controller at the inlet· is set at such a pressure

that the pressure drop in the flow control valve, which is set

tn<lI\u'Illy. is over critical, thus forming a strong "flow source".

If the pressure during the calibration is higher than 15 bar the

pressure drop in the outlet valve is over critical and the outlet

valve is switched in the flow control mode and is operated manual-

ly .:

In this case the flow control valve at the inlet is fully opened

and the pressure in the installation is controlled by the pressure

controller at the inlet.

In the case the gas flow through the meter to be calibrated is so

small that the temperature and pressure controler would be opera-

ting outside their range a bypass can be opened to bring the con-

trol systetn within its operating range.

•

co•

,

•
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The standard meters have been calibrated with the CVM standard

meters in Groningen.
In addition to this another three meters are calibrated at Gronin-

gen and are used at Bergum as' "transfer reference meters"
Ped,odically the standard meters are checked by comparing them

with the "transfer reference meters".

In Westerbork, as part of the Bernoulli laboratory, a meter test

installation is situated.
At full operating conditions the capacity of this installation

amounts to 2.5 x 106 m
3 Ih .st ,

The installation is constructed in a 'bypass around a valve in a

main transmission pipe line and operates at line conditions, i.e.
. .

a pressure of approximately 60 bar and a temperature·of about 7 C.

The gas after having passed through the test installation returns

to the same transmission line (fig. n.
.The standard meters " being. 10 turbine gas meters to 4.000 m

3
/h

each,' and 'the meter under test are operating at about the same

pressure, The s tandard .meters are installed -Ln a building, rhe

meter under test and a part of the tubing at the'inlet is loca-

ted under a pentrdof.
The standard meters have been calibrated at Bergumover approxima-

tely 60%of their range and, over their full range at Westerbork by

installing the "transfer reference meters" at the position of the

meter to tested. S6 all three' Gasunie calibration facilities are

metrologically connected and traceable to the standard of the Me-

trological Service.
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At Utrecht, the Instromet test installation is situated in series

with a measurement and control station delivering gas to a big gas

distribution company. The standard meters are derived from the

CVM-standard installation at Groningen.

The standard meters and the meters to be tested operate at a gauge

pressure of 8 bar.

The' facility is suitable for testing meters having a capacity of

100 m3/h and higher. The maximumflow rate at which tests can' be

carried out depends on quantity of gas being delivered to the gas

company. In winter time :a maximumcapacity of 6 500 m3/h can be

achieved.

At tbe SJrnLLrefinery On the Netherlands a piston prover (8) is

constructed for the calibration and legal verification of gas me-

ters to be used for measuring supercritical ethylene (pressure 60

- 100 bar at ambient temperatures).

Tbe ethylene behaves as a gaseous fluid with densities of about
3400 kg/m • The prover system is shown' in FIG. 8. It con-1110

sists of a honed pipe (diameter 300 mm), a sealed piston (alumi-

niuin), detector switches (1,2,3,4,5), control valves (B, C, n) and',.

'a two-position fourway valve. (A) .. The measuring section between

the s.witcbes 2 and, 5 has a volume of 1 m? To avoi.d. leakage 'be-

tween meter and prover. the meter to be tested is placed. between

the prover and the fourway valve. So the prover can be used only

in cne direction.
When the piston is near switch I, fourway valve A is in the posi-'

tion shown in FIG. 8, valve B is open, valve C is closed. Ethylene

is flowing trough the prover and the meter under test. When the

conditions of pressure and temperature are stable valve C is

opened, valve B is closed. Then valve C is closed slowely. The

increasing differential pressure over C will launch the piston.

Valve C is fully closed before the piston passes the pipe in which

C is installed. Svitch 2 starts the counting of the pulses .genera-

ted by the meter under test. Switches 3, 4 or 5 are used for stop-

ping the counter. \/hen tbe piston reaches the end of the pipe,

valve D is opened by the differential pressure across the piston.

e

e,e

e



A check on the accuracy of the prover is carried out periodically

~ by:

•

•

•
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By turning the fourway valve the direction of the flow in the

power changes. Valve D, closes, valve' B is partly opened. The pis-

ton returns to its start position. When the piston reaches switch

1, valve B is fully openend, the fourway valve is returned to its

original position and the next test can be started.

The piston prover is cal.Lbxated by the liquid department of the

Dutch Metrological Service. The calibration is carried out ,with

water the volume of which 1S measured with a calibrated meter.

comparing the error curve of a turbine gas meter measuring

ethylene with its .original curve (the meter is only, used for

this purpose);

determining the leakage across the piston with nitrog_eo;
.,

"

determini~g the switching moment of the swithces 1n the

measuring section of the prover.

From calculations taking into account the sources Which may con-

- tribute to an uncertainty in a measurement and from the statical

treatment of the great number of test results available, it turns

out that the uncertainty in the results obtained with 'the high

pres- sure gas calibration facilities amounts to no more than 0,3%.

The uncertainty in the results obtained with the piston prover is

less than 0,2%.
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A.n interesting gas flow referece system is developed as an exten-

sion of a cryogenic flow metering reference system at the Natio-

nal Bureau of Standards Laboratories located at Boulder. Colorado

(7). The process is shown schematically in figure 9. Basically,

the process is a closed loop thermodynamic cycle. The process

fluid, nitrogen, is circulated between temperature limits of 85 K

and 3()()K at pressures of 5 bar (abs) to 41 bar (abs) depending on'

the point of the cycle under consideration. Work is done on the

system by centrifugal pumps operating at 85 K which increase the

liquid nitrogen pressure to 41 bar from 5 bar. Heat energy enters. c:>
the system trough a steam heat exchanger which controls the gas •

temperature at the test section. Heat energy is extracted from the

system by refrigerati'on provided by boiling liquid nitrogen in the

aubcool er , auxiliary liquid nitrogen introduced at the main heat

'exchanger anc;!,cooling at, the water heat exchanger following the

gas test section.

- 15 -

2.4 United States.

The low, pressure cryogenic portion of a cycle is maintained at a

pressure of S-bar (abs) by means of' helium gas introcuced at the

catch and weigh tank. This inert pressurant provides necessary

over-pressure to inhibit boiling of the liquid nitrogen, a1lows

liquid phase-gas phase separation for weighing of the .Li quid ni-

trogen and provides a controlled envir'onment for the stable opera-

tion of the load ce1l and calibration weights. The interaction of

the helium with the liquid nitrogen is negligible as the solubili-

ty of belium in liquid nitrogen is, less than 0.1 percent. Pumping

of tbe process fluid is accomplished in two steps. The boost pwnp

increases the pressure about 2 bar to the suction of the proessure

pump. The pressure pump in turn raises the process fluid pressure

to 41 bar (abs). Both pumps are centrifugal types. The boost pump

speed is variable wbi1e the pressure pump speed is fixed at about

840() revolutions per minute. Mass flow rates are varied by

operation of the expansion valve.

•

•
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In preparation of a measurement the· dump valve at the outlet of

the weigh' tank is held 'in the open position until thermodynamic

and process equilibrium has been established at a chosen flow

rate. This procedure allows liquid nitrogen under helium gas pres-

sure to circulate through the catch to the pump suction. When a

test draft is to be run, the. weigh tank is closed and sealed and

liquid nitrogen accumulates in the weight tank. The force resul-. . .

ting from the liquid accumulating in the weigh tank is measured by

the load cell which a.n turn has been calibrated in reference to

standard weights. Mass flow rate is determined by dividing the

mass accumulated. by the time lapsed since the dump·valve was clo-

sed.

H.Bellinga/ jt

Encl.: 1 up to 9
...

i;
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TURBINE METERS

1. INTRODUCTION
This paper reviews the design. performance and application of turbine meters
for custody transfer measuring systems.
The details of the mechanical displacement provers are reviewed separately in
another paper.

2. DESIGN
2.1 .Theoretical Design Considerations

A simplified equation showing the relationship between the torque due to
bearing friction and pick-up drag is given below:

TB+p = nf2~pVR2(CLSIN13-CDCOS13)~r.dr
rl

Where: n is number of blades of rotor
r
1

is radius of root of blade
r2 is radius at tip of blade
£ is 1ength of blade
p is density of fluid
CL is coefficient of lift
s is relative velocity angle
CD is coefficient of drag
r is radius
TB+p is torque from bearing and pick-up drag

An ideal turbine meter requires a constant meter factor, so that the velocity
of the blades must be directly proportional to the velocity of the flowing fluid.
It is evident from figure 1 that this will only occur if the angle 13is the same
at all flowrates. If this were to be the situation then the above equation can
be reduced to the form given below where A and B denote composite constants

LIFT DRAG TORQUE
= BCD + T IV 2B+P R

This equation is only valid if each separate term within it remains the same at
all flowrates. The first term satisfies this condition. as the coefficient of
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lift does not vary. However. this is not fulfilled with the second term
because CD - the coefficient of drag varies with Reynolds number. Also the
third term. TB+P' the torque due to the combined effects of bearing friction
and pick-up drag does not increase in proportion to the square of the relative
veIocity ,
It is evident. therefore. that a meter cannot be designed to produce a constant
K factor.
The art of the manufacturer is to produce a meter with a near constant K factor
over a wide working range of f10wrate.
The above equation assumes a flat velocity profile i.e. the velocity is the
same at all points in the cross-section of the,pipe whereas in practice the
velocity profile in the turbulent range (Re>3000) will be a parabola. This is
another reason why it is not possible to exactly predict the behaviour and
performance of a turbine meter.

2.2 Performance
a. Characteristic Curves

All turbine meters have a characteristic curve (K factor versus f10wrate) of
a general form (see figure 2).
The best meters may achieve a variation in K factor of! 0.25% over a flow
range of 10 to 100%. However. there will always be a sharp fall in K
factor at the low f10wrates because the coeffient of drag increases at low
Reynolds numbers and because of the increased significance of bearing
friction at low rotation speeds.

b. Linear Meters
In order to improve the linearity some manufacturers have recently designed
turbine meters so that the torque due tJ the bearing friction and pick-up
drag have been reduced.

c.

One meter utilizes two rotating elements instead of one; and up-stream
indicating turbine rotor which induces the signal and a down-stream slave
turbine rotor. The shaft with the slave rotor attached rides on one set of
bearings and the indicating rotor rides upon a separate set of bearings
attached to the rotating shaft. The separate shaft arrangement ensures that
the relative motion between the indicating rotor and its bearing remains at
a near zero level irrespective of the velocity of the fluid passing through
the meter. The pick-up drag normally due to inductance or variable reluctance
when generating pulses is eliminated by using a sensing system based on high
frequency radio-wave signals.
Another meter employs a rotor which rotates on a tungsten carbide shaft which
in turn rotates in two tungsten carbide journals. This arrangement ensures
that relative motion between the rotor and the journals is reduced.
One important advantage of these new types of meter is that they can
withstand very high f10wrates (sonic velocity) associated with vapour boil
off conditions often encountered in LPG systems without bearing failure.
Viscosity. Density and Size of Meter (See figures 3 & 4)
The effects of viscosity becomes progressively greater as the size of meter
becomes smaller. Also the linearity deteriorates as the meter becomes
smaller. The effect of increasing viscosity is not only to change the K
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factor but it also reduces the rangeability of the meter. (This is due to
the increased bearing friction with the more viscous oils). As the density
of the fluid is reduced the linearity of the meter deteriorates. This is
mainly due to reduction in the fluid momentum available for overcoming the
rotor torque.

3. APPLICATION
In order to achieve a satisfactory performance from a turbine meter a number of
conditions must be fulfilled when designing the installation.

Swirl
Liquid swirl in a flowing liquid is mainly caused by pipe bends and fittings
and can effect the K factor and repeatability. (Swirl is not constant).
In practice it is necessary to install a flow straightener (5 diameters)
upstream of the meter and to ensure that there are no pipe fittings directly
downstream of the meter.

• Cavitation
In order to prevent cavitation in the meter it is essential to maintain a back
pressure above the minimum specified by the manufacturer.

•

Air
In order to remove entrained air - particularly in viscous oils - it is necessary
to ensure that the level of liquid in the tank supplying the meter is 2-3 metres
above the suction or alternatively to keep the floating roof floating at all
times.

4. REPEATABILITY
The turbine meter can be likened to a flywheel as its function is to dampen down
the random or individual variations in velocity of the flowing fluid.
With meters such as the Ultrasonic or Vortex with no moving parts it is necessary
to have sufficient volume throughput in order to obtain a·good repeatability.
Whereas turbine meter repeatability can be achieved with a relatively small
throughput volume.

5. INTEGRATION OF THROUGHPUT
a. Variations in Flowrate

Experience has shown that there are often considerable variations in the
flow conditions in offshore production metering and onshore ship loading
terminals. While there are often dedicated pipe provers on hand to prove
the individual meters, there are usually problems in carrying out this task.
For instance, the meter must be calibrated immediately after the flow
conditions alter significantly or errors may be incurred in the integration
of the throughput due to the incorrect meter calibration factor being applied.
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6. linearising K Factors

One method of overcoming the problem of meters sensitive to changes in flow
conditions is to use a micro-computer programmed to read the flowrate •
temperature and pressure signals in the line and to apply a varying K factor
to the-meter integration of throughput.

-4-

7. 'Calibration Procedure (See Fig.S)
A method of combining central proving with on-site proving is described below:

a . Ta:bOratory Proving
.The performance of the meter is usually established by initially proving at

I.; , i a central laboratory where the curves of K factor versus flowrate are.!if:} obtained with a pipe prover using several oils of differing viscosities. At! : ,:.i least three flowrates are required at each viscosity in order to determine
j ,:' [; a curye .

......": l roo

.- i b.t;Meter Performance
The data.obtained from the initial proving are plotted on a performance
chart. A suitable equation. usually a polynomial derived by a least square
method. is fitted to the proving data or alternatively a matrix for use
with linear interpolation technique is derived. This information is
.programmed into a micro-computer which will read the flowrate (frequency).

'-temperature and pressure as transmitted from a number of transducers installed
directly in the metering runs. As there is a linear relationship between
'temperature and log viscosity for each type of crude oil it may be
sufficiently accurate to measure temperature rather than viscosity directly
in the line ,

! c. ,On-Site Measurement
The meters are then installed on-site and reproved. The micro-computer then
automatically applies the appropriate K factor to the meter scaler for the
flow conditions experienced during the throughput measurement integration .

..,d.Re~Provi ng
..

:'It is necessary to re-prove the meters at regular intervals so as to
..establish the long term scatter (see Fig.6) and to up-date the original

performance curve.' The mean K factor curve can then be established over a
period of months and set into the micro-computer. This would shift the
enph&sis frOm changing K factor to moni taring K factor.. (See Fig.7)
The long term drift of K factor with time due to bearing wear or rotor damage

,_,a,!lalso be monitored by analysing the moving average of 10 consecutive
'(period)K factors .

• '. "

'".Or. '. ". ~
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• FLOW COMPUTERS ANO TRANSMITTERS IN ORIFICE METERING SYSTEMS FOR GAS

INTRODUCTION

In this lecture I have chosen to illustrate the use of fiow computers
and transmitters in orifice metering systems for gas by taking the new
metering system on the Frigg field as an example. The basic l~out of
the system is shown Fig.l and the architecture of the system is
selected with both consideration to the general l~out of platforms on
the field and the wish to have the metering system available without
degradation in metering accuracy during a number of fault conditions.

• The general layout of the Frigg field is shown in Fig.2. The total
number of platforms on the field is five. The gas from the wells
platforms CDPl and DP2 is transported to treatment platforms TPl and
TCP2 respectively via 26 inch pipelines. On production platforms TPl
and TCP2 the gas is treated to achieve the required water dewpoint
specification where also the metering takes place before the gas enters
the 32 inch pipeline for transportation to the St.Fergus terminal in
Scotland.

This information is hopefully adequate as background information and I
will now continue to talk about the details of the system.
Referring back to fig. 1 we can see that the transmitters which provide
inputs to the flow computers are:

- Density
- Differential Pressure
- Static line Pressure
- Temperature.

•

In addition to a functional description/special installation require-
ments of the flow computers and the above sensors, I will also talk
about calibration and maintenance ascpects. Some of the comments given
in this lecture represent ideas generated from ~ own personal experi-
ence and I do not of course consider these to be universal acceptable
but rather input to a debate where the aim is to achieve metering
system with maximum accuracy combined with minimum maintenance
efforts.
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~ FLOW COMPUTERS

The new flow computers on the Frigg field due to -be delivered in August
this year are made by the english firm Spectra-tek UK Ltd. Elf selecte
these particular models due to the flexibility in adapting them to the
our special requirements.

a) 869 R Stream Measurement Microcomputer
b) 869 V Central Control Microcomputer
c) 869 V Database computer

~

The computers are based on a modular electronics system enabling them to
be configured for their specified tasks by selecting the appropriate
plant interface cards, carrying out the corresponding back-plane wiring
and finally writing the application software. The heart in these flow
computers is the central Processor unit incorporating the Motorala MC
6809 MPU chip.

From mY point of view the integrity or the securi~ of the system is
ve~ important when selecting one of the many flow computers available
on the market.

~.J
In our case the control programmes are ROM based requiring no
initialisation or commissioning procedure. This form of memo~ is
highly secure and not prone to the obscure corruption whfch can, and
often does, occur in core based minicomputers. In mY view the
exclusive use of ROM for the control programmes is essential to the
securi~ and reliabili~ of the system.

One should be able to modify the calculation parameters held fn RAM,
but on-line changes to the control programme are hfghly undesfrable.If
necessa~, changes in calculations can be implemented off-line and fully
tested before being incorporated into the control program.

We shall now take a closer look at the Software Security features which
are incorporataed in the machine.

~



- 3 -• a) All running totals and other vital data are held simultaneously in
three separate registers. During each programme, loop a check
routine is performed to ensure that the data is identical in all
three registers. If one register of the three should ever disagree
with the other two, this is a triple register "partial failure",
annunciated as an alarm. Upon alarm acceptance the computer
attempts to correct the erroneous version. In the event of total
triple register disruption, ie none of the three registers agree,
then a triple register total failure is annunciated, which cannot
be corrected automatically.

,.--', This feature means that in the absence of tri-register alarms,
confidence in data securi~ can be justifiably high, and should
data corruption ever occur, then this is annunciated immediately.•

b) During each programme loop a check routine will be executed to
verify the logical and arithmetic operation of the CPU itself.

c) A creeping RAM monitor routine is used to verify the read/write
operation of eve~ location in the RAM memo~. The routine is run
as a background activi~ in which taking each location in sequence,
the microprocessor stores the memo~ location data in a register,
then writes and reads test patterns of data into the location
before replacing the data and moving on to the next location. A~
location failing the test raises an alarm, and the instrument
indicates the identity of the faulty card.

d) A ROM integrity check routine is incorporated based on the use of
checksums in eve~ ROM chip.

e) An independent hardware timer (Watchdog) is provided to detect
collapse of the system in terms of orderly programme execution.

f) A power supply monitor routine is used to detect imminent supply
failure enabling the machine to secure data and shut down in an
orderly manner.

• g) All communication between microcomputers relies on rigorous
interactive protocol to ensure high security.
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• Another very important feature of any metering system is availability.
It is not acceptable to have the metering capaci~ reduced for long
periods of time in order to perform maintenance and repairs.

Referring back to figure 1 it is seen that the metering concept is
based upon the idea of decentralisation. The task of computing the

As seen from the figure each meter run is equipped with a dedicated
micro computer with complete autonomy with respect to its tasks.

Typical inputs to the machine are differential pressure, static
pressure temperature and density. From these inputs volume and
massflowrate are calculated on a continuous basis.

Two bidirectional serial data ports are provided on each of the stream
micro computers to allow independent communication with the central
control room machine CCM (located in the interface room on TPl), and with
the CCM on TCP2 via data highway no.2. With this set up the
information from the stream machine has alternative paths should
either of the CCM fail.

During normal operation the micro computer located in the control room
on QP (the data base computer DBM) controls the operation of the entire
system.

From the keyboard on the DBM the control room operator addresses and
initialises the stream machine directly. The operator can also ask for
a display of data, working constants etc. presently used by the stream
machines.

During normal operation the DBM is the master and communicates with CeMl
or CCM2 which again is responsible for down-loading the information to
the stream machines •

•
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• Other tasks of the DBM are:

- To form a constantly updated database.
- To check the integri~ of the CCM.
- To format and print the daily production log.

Should during an abnormal situation, the DBM cease to operate, its
function of being a master will be taken over by the CCM.
Another important task of the CCM is to communicate with a dual
casette recorder containing all the data pertinent to the stream micro
computer. All the data stored on tape can be displayed on the CCM's
data screen. Should any of the data need to be changed this can be4It done using the keypad on the CCM. Dual casette recording is provided
so the original data is kept on the tape while the technician is
editing the other.

The alarm and reporting function of the DBM is in this mode controlled
by the CCM.
Since the CCM has 100~ back up with respect to its tasks, normal
production reporting will be provided in most situations because the
changes that both CCM machines fail at the same time are considered to
be minimal.

Another feature of the CCM is that data entered by the operator during
for example a change of orifice are automatically compared to a pre-
programmed list of permissible values stored in the CCM. Further
transmission of data to the relevant S",",wfllonly take place if the
entered values agree with allowable orifice diameters and bore
numbers.

Finally, the CCM checks the integrity of the stream machines by monitoring
the SMM self check alarm flag in'addition to the coherence of the
transmitted data itself.

•
The back-up to the stream machine is considered to be made up by the
large amount of meter tubes. The metering capaci~ on the Frigg field
is approx 100 MMSCM while the max production is in the order of 65
MMSCM •



~ Therefore should a stream machine fail, immediate alarm is raised and
the operator shut down that particular stream from the control room.

-~~ Other data m~ also be over written, but it is offered an extra level

•

~
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Finally, the integrity requirement to a fiscal metering system is ve~
stringent. Therefore the parameters available for operator ent~ are
limited to:

- Operating mode (Meter, Change orifice, Calibration or
Initialisation).

- Orifice number and orifice bore diameter.

of security i.e security code must first be entered successfully before
data can be entered in conjunction with the data ent~ key switch.

In this manner, system integrity is satisfied.

CALIBRATION I MAINTENANCE

Another great advantage with modern digital micro computers is that
self checking facilities as described earlier are provided. Therefore,
the traditional maintenance aspect as e~perienced with "old" analoge
computers has dissappeared.
However, an element which should not be forgotten is the analoge to
digital converter. Since a slight error in this unit will cause a
systematic error in all parameters, particular attention should be paid
to self checking facilities and regular calibration monitoring. The
AID converter to be used on the Frigg field has both automatic zero
and span correction. During the auto-zero phase the total on-card
offsets are measured, stored and subtraced. This effectively achfeves
a zero drfft of 2 micro viDe allowing a 50De ambient shift before
one count has been passed.
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~ Span correction is achieved using a ve~ high precision reference unit
mounted in the micro computer and forming one of the scanned inputs of
the system. The micro computer will scan this knbwn voltage and store
the converted digital number in its memory. The precise value of the
chosen reference, obtained by commissioning measurement using a
certified transfer standard voltmeter, can be stored in the computer
memory using the key pad facilities on the computer front. Subsequent
readings of all other channels will be ratioed by software to account
for the error between the keypad entered value and the value measured
by the AOC.

DENSITY MEASUREMENT

• Principle of operation

The density transmitter which will be used on the Frigg field is
manufactured by Solarton. The type 7811 has been chosen and is
specially designed for high static pressure operation.

The operation principle of the transducer is shown in Fig.3. The
transducer sensing element consists of a thin cylinder which is
actuated so that it vibrates in a hoop mode at its natural frequency.

SENSING ELEMENT AMPLIFIER UNIT
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CYLINOE
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• The gas is passed over the inner and outer surfaces of the cylinder and
is thus in contact with the vibrating walls.
The mass of gas which vibrates with the cylinder depends upon the
gas densi~ and, since increasing the vibrating mass decreases the
natural frequency of vibration, the gas density for a~ particular
frequency of vibration can be determined from the formulae:

INSTALLATION OF DENSITYMETER

• Ideally the density transducer should be located within the flowing gas
adjacent to the reference volume metering plane. In ISO 5167 the
metering plan is defined as the plane of the upstream pressure tapping
point (ref section 3.4).

It is of course not permissible to install the density transducer in
the pipe directly upstream of an orifice plate, because this would
disturb the gas flow pattern at the orifice and cause errors in flow
measurement.

So the task from an engineer's point of view will be to install the
densi~ meter elsewhere and minimise the difference in operating
conditions between the density transducer and those at the volume

f~ metering plane.• Prior to making the final selection, efforts should be made to nrlnimise
the errors associated with the following points:

a) Effects on the density transducer itself;
for example, temperature and pressure coefficients, flowrate effects
attitude, accuracy of calibration, effects of veloci~ of sound,
etc.

•
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• b) Temperature and pressure differences between the gas at the metering
plane and the gas in the density transducer.

c) Adequate filtration / conditioning to prevent dirt or condensation
from causing maloperation of the transducer.

d) Unregistered gas which passes through the density meter but not the
flow meter.

When using a Solarton transducer, the final installation rust be designed
in order to obtain a representative gas sample stream. This
consideration excludes using the upstream flange pressure point as origi n
for the slip stream. A complete analysis of the flow pattern at
this point will not be provided here, but the sudden increase in gas
veloci~ in front of the orifice plate will affect the components in
the gas differently thus making the flange taps point unsuitable for
obtaining a representative sample

With this in mind we are left to consider the two alternatives shown in
Fig.4A and 4B respectively.

In both alternatives the density transducers are located in a
thermowell thus making sure that the gas in the densi~ meter has the
same temperature as the gas in the main line. However, in figure 4B
the sample point is located. upstream satisfying the free straight lenght
requirements of ISO 5167, but a pressure drop will occur along the
sample pipe to the densi~ transducer. Therefore the pressure in the
density will be different to the pressure of the metering plane.

At Frigg it will be necessa~ to install an additional filter in the
sample stream thus increasing this pressure drop. But the most severe
limitation with this method is that it is difficult to account for the
pressure drop.

•
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• In the majority of the offshore installations, the static line pressure
is 100 - 200 Bar. Therefore equipment is not available to measure the
very much smaller pressure drop in the sample line. Hence, it is not
known how to account for this in the massflow calculations.

An additional disadvantage with this method is that the slip stream is
not registered by the flowmeter and thus give rise to a systematic
error which however small should be accounted for. An estimate
of this error m~ be obtained by refering to the section on drain holes
in British standard BS 1042 or similar documents.

The alternative arrangement shown in Fig. 4A provide the same good
• temperature equalisation as fig. 4B. The sample point in this case is

taken downstream of the orifice carrier and the gas slip stream
returned to the downstream flange tap. In this arrangement, the length
of the sample return line is very shor-t. Therefore the additional
pressure drop may be neglected and the pressure in the density
transducer is equal to the pressure at the downstream flang tap P2.
Additional filtering installed in the sample line will in this case not
interfere with the density measurement.

However, the density is determined at the downstream flange tap and the
metering plane is as stated previously the upstream flange tap. Using
the above arrangement require the basic mass flow equation to be
modified, this means that the expansion coefficient at the downstream
flange tap must be calculated.

For a given flow meter and flow rate the position where is measured
and the corresponding must give the same answer.

giving:f.JF = [~

•
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• where: C.1 = expansion coefficient at the upstream flange tap.
= Density at the upstream flange tap.

Expansion coefficient at the downstream flange tap.
Density at the downstream flange tap.

If the small differences in density can be considered directly
proportional to the small pressure difference.
(iso-thermal approximation)

Where h = differential pressure across orifice• then one can write: £,;. = c, J f'/11.. = e. J tf_ ~
The above method is described in the new draft proposal for the
British standard on orifice measurement Part II of BS 1042. In
addition AGA 3 provide a formular for calculating 2 at the
downstream pipe tap,

e 2 =~ - ~BXF====--
'( VI + X·,. .

Note that in this case for X = hlp, h is the differential pressure
form pipe taps. If h is measured with flange taps the following
correlation can be used

h (pipe taps) = 1 -1,0&..132
h (flange taps)

•
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~ CALIBRATION
.The procedure to be used on the Frigg field when calibrating the

Solarton transducer is still being considered, and I will therefore
just offer some general comments on the matter. Normally the
calibration of the Solarton transducer is carried out off-line and
it is necessary to correct the basic calibration coefficients to
take into account the difference in velocity of sound between
Frigg gas and the calibration gas.

However, our experience so far is that once the Solartron has been
calibrated it will maintain calibration for a very long period of
time.

As a continuous monitoring of the density transducer one additional
function of the stream micro computer is to calculate densi~ from
P & T measurement and compare the theoretical value to the measured
density. An alarm will be given if the difference exceed a
preprogrammab1e limit. It is our intention that this facili~ will
enable us to maintain the instrument within the desired accuracy
limits.

~
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... DIFFERENTIAL AND STATIC PRESSURE MEASUREMENTS

The sensors which are used for these measurement on the Frigg field
are the well known transmitters form Rosemount and Foxboro.

Rosemont 1151 HP is used for differential pressure measurements
and Foxboro E11GH is used for the static pressure measurements.

Cal ibration

The static pressure transmitter is calibrated on line using a
deadweightester from Chandler engineering Ltd.
The instrument is rugged and well suited for the accuracy required.
« 0.3'l.).

However, the calibration of the dp cells is more elaborate as
there is no equipment available with the required accuracy suitable
for fiel d use.

The sensor has therefore to be disconnected and brought to a place
where it can be calibrated under controlled environmental
conditions using a Degranges & Huot dead-weight tester.

It turned out that the only place suitable for this activi~ was
the living quater platform QP. Even there under difficult weather
conditions the vibrations in the structure is such that it is
impossible to carry out the calibration.

TEMPERATURE MEASUREMENT

Gas temperature is measured by a Platinum Resistance Thermometer
manufactured to as 1904 Grad 1 having a resistance of 100.0 Ohms at
OOC and a fundamental interval of 38.5 Ohms.

The PRT will be connected by a four-wire, screened arrangement to
the metering cubicle terminals and within the cubicle to the SMM •

...
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• Temperature measurement is self powered, no external power supplies
shall be required. Two of the four PRT wires and the PRT element
itself form a current loop carrrying some 2.8mA cfrculated by a
current source which forms part of the ADC. The remaining two
wires channel the p.d developed across the PRT (caused by the 2.8mA
flow through the resistance) into the voltage sensing input of the
ADC which has a very high input resistance resulting in a
negligible voltage drop in the cabling. The ADC ratios the current
magnitude to sensed voltage and yields a count which proportional
the PRT resistance yet insensitive to cabling resistance therefore
accurate.

• The SMM software will convert the measured PRT resistance to a
temperature reading using the Calender Van Deusen relationship.

Accuracy: + O.loC in resistance measurement terms, but
+ 0.2Oc taking transducer interchangabili~ errors into

account.

Ca 11brati on

(2)•
The calibration of the temperature measurement loop is performed by
simulating resistance values from the field according to the
British Standard BS 1904. Using a high precision certified
resistance bridge. The simulated values can then be compared to
the printout from the CCM or DBM micro machines.

Although the platinum elements themselves are more stable than thermo-
elements, their temperature / resistance relationship do change
with time. Exposure to high temperature will accelerate his
change.

Very often this is overlooked and systematic errors in-the qrder of
O,SoC - 10 can occur if recertification of Pt 100 elements are
not performed as part of the regular maintenance plan.

•
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~ The frequency of this recertification can va~ from one
installation to another depending on how high temperature the
elements are exposed to.

But recertification at 12 months intervals could be used as a
starting point.

An easy check which should be performed on the field on a regular
basis is to insert the Pt 100 element into a thermo bottle
containing mixture of ice / water, noting the temperature measured
by the stream microcomputer •

• Changes in the Platinum characteristics can in this manner be
detected at any early stage.

~
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MECHANICAL DISPLACEMENT METER PROVERS

The conventional pipe provers were first introduced into crude oil measurement
for custody transfer purposes in the Middle East in the early 1960's. Since
then they have become the recognised calibration standard for all fiscal
metering systems throughout the world. Recent improvements in the detection
of displacers and pulse interpolation techniques have made it possible to
design "compact" provers with greatly reduced swept volumes.
The main factors which influence the design and repeatability of· both the
conventional and compact are considered in this paper.

a. Principle of Operation
The conventional pipe prover uses an oversized rubber or plastic sphere,
which is filled with water, in commercial grade industrial pipe. The
internal surface of the pipe is usually coated with a baked-on phenolic
resin to protect it from any corrosive elements in the crude oil or products.
The advantage of the rubber sphere is that it automatically changes its
shape to follow the varying contours of the pipe as it moves between the
detector switches. The over-sizing of the sphere (2 to 4 per cent larger than
the internal pipe diameter) ensures that it acts like a squeegee and prevents
by-pass leakage. (See figure 1).

b. Repeatabil ity
The repeatability of the pipe prover is mainly a function of the repeatability
of the detectors in establishing the horizontal location of the sphere or
displacer. (See figure 5).
Most of the provers used for fiscal metering purposes have mechanically
operated micro-switches for detecting sphere location. A distance betweean
detectors of 20 metres is usually chosen in order to achieve a repeatability
(expressed as the range) of 0.05% for 10 consecutive runs when proving a
turbine meter on crude oil.
Recent experience with piston provers using two proximity type detector
switches at 10 metres apart have indicated that on a Round Trip (Forward plus
Backward runs) a range of 0.05% can be achieved for 5 consecutive proving
runs. (See Figure 2).
The sphere hardness can marginally influence the repeatability of the prover
but not sufficiently so that the swept volume can be significantly reduced.
The use of pairs of detectors in place of one detector at either end of the
prover has many advantages:
- The repeatability of the detectors can be monitored.
- The mean of the two swept volumes, individually calibrated, can be used

to improve the uncertainty. (Fig. 6).
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c. Reduction in Length
One feature of the conventional
launching chamber and the first
the sphere was launched, it did
main flow valve was sealed.

prover was
detector.
not arrive

the long distance between the
This was to ensure that when
at the first detector before the•

This run up distance was virtually eliminated by the use of a launching
system which used a ram for holding back the sphere until the main flow
valve was fully sealed. (See figure 7).

•

d. 4-Way Valve
A major item of cost has always been the 4-way valve which represents as
much as a third of the total cost of the pipe prover.
the main reason for this cost is that the valve has to be designed so that
the integrity of the seals can be monitored during a proving run. Also
special consideration has been given to ensure that the seals are not
damaged during the cycling of the valve. Most valves are designed so that
the seals are withdrawn before rotating. Two well known valves raise the
plug containing the ports vertically before rotating. (See figure 8).
Any leak across the seals can be observed by monitoring the pressure in the
valve casing when it is in the fully seated condition.

3. COMPACT PROVERS

a. Principle of Operation
The swept volume of a pipe prover can be reduced by using a piston and a
rod with special detectors. The pistons slide in precision machined cylinders
with lip seals around the periphery of the piston. The piston rod slides
through a seal in the end chamber and the detector switches are situated
on the rod outside the prover barrel. These detectors have such a high
resolution that the distance between them can be reduced from the usual 2Pmns
with conventional provers to less than 1m with a corresponding decrease in
the swept or calibrated volume.

b. Non-Linearity of the Meter
As the swept volume is decreased the inter-rotational non-linearity (IRL)
of the meter being proved becomes significant:

•

. -The linearity of the turbine meter is dependent on the evenness of the
spacing between adjacent magnetic points in the rotor-rim (or shroud) or
tips of rotor blades. The IRL is sometimes defined as-half the difference
between the maximum and minimum time periods between adjacent blades during
one revolution. (See figure 9).
I~ France a.piston prover with two rods is used for proving small nutating
dlSC type dlsp1acement meters on LPG. As these meters are non-linear in
their throughput the prover calibration volume - and hence the distance
between the external detectors - is so sized that the volume corresponding
to the non-linearity represents less than 0.02 per cent of the proving volume
(See figure 3).
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There are two alternative methods for overcoming the non-linearity problem
of turbine and displacement meters with small volume provers. These- a-re-
as fo11ows:
(i) Multiple Chronometry and Pulse Interpolation

Pulses generated by the meter are fed to a signal processor which
times precisely each individual pulse during one complete cycle or
revolution of the meter. Also the processor identifies each pulse
with a particular rotor blade.
By timing the prover in and out gating signals in relation to the
meter pulses it is possible to remove the error due to any non-
linearity in the meter under test. (See figure 9).
Prover Pulse Generator(i i)

By using a device which converts the linear travel of the piston rod
into pulses - sometimes called a linear motion translator - the pulses
generated by the meter can be synchronized with -the pulses emitted by
the prover. A micro-computer can then correct for any non-linearity
in the meter pulse output. viz counting the prover pulses between
whole revolutions of the meter. (Fig.10).
Also this system would measure accurately the average flow rate during
the proving operation.

c. Leakage past the Piston
In the conventional prover the sphere is 2-4% oversize and is highly flexible
so that it acts as an energised seal. However. with a piston it is not
possible to make an energised seal without introducing the problem of
deformation which could contribute to a significant error in the short swept
volume. In order to obtain an adequate seal therefore. it is necessary to
have a very small interference fit in the precision made prover barrel.
This seal could be damaged by fine particles and it is considered necessary
by certain authorities to monitor the integrity of the seals during the prover
run.
One method is to observe the pressure drop across two parallel seals by means
of a suitable transient analyser.

d. Valves
External valves or an internal poppet valve (see figure 4) are used with
compact provers for directing the flow but all of these devices should be
monitored for leakage during the proving runs.

e; Means for By-Passing Flow
It is essential to ensure that the prover has some means of by-passing flow
at the beginning and end of the proving run. Some designs rely on the rapid
closing of external valves for directing flow. This can create unacceptable
pressure surges due to the need for extremely rapid cycling in order to
reduce the run up distance before the calibration section.
One method used by a number of manufacturers of compact provers is to have
large end chambers and a means of controlling (externally) the movement oL
the piston. The 4-way valve or individual valves can then by cycled and the
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seating monitored before releasing the piston for the proving run.
The large end chambers also ensure that most of the non-organic particles
·such as pipe rust etc .• do not enter the main prover barrel. (See figure 10).

•I
:.

•

•
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INTRODUCTI ON

• I. , MEASUREMENT OF LPG SHIP LOADING SYSTEMS

The static measurement of Light Hydrocarbon gases is usually associated with the
loading of ships where the liquid is nonna11y refrigerated in order to maintain
the vapour pressure atnear atmospheric conditions.

a. Tank Design
This constraint is normally imposed because it is not economically feasible to
build either ship or shore tanks as pressure vessels.
In the refrigerated condition the gas liquids will normally be stored in vertical
cylindrical storage tanks which are thennally insulated to reduce the boil off of
vapour from the liquid. The tanks will be equipped with both vapour input and
output lines. (See Figure 1)

•Safety Considerations
As the loading flow rate to the ship increases there can be a situation where the
vaporisation rate is too slow to fill the space left in the tank as the liquid
level falls. This could lead to a tank shell failure (implosion) and facilities
for importing vapour from another tank are required. Alternatively the heat input
through the insulation and from totally immersed pumps (for loading line circulation)
can generate more vapour which must be exported.

c. Ship Loading Lines
-The ship loading pipeline from the tank to the jetty is usually kept full of liquid
and although insulated is usually continuously circulated to prevent formation of
vapour. The circulation return line to the tank is also a further source of heat.
In most cases there is a vapour return line from the ship into tank vapour space.

fISTATIC MEASUREMENT - (Based on Shore Tank)
The accurate measurement of quantities transferred from a vertical cylindrical
storage tank is achieved by using a number of individual instruments which are
described below:

a. Tank Level Measurement
Tank level gauges of the servo-operated disp1acer type are normally used for
measuring the level of the liquid in the tanks. These gauges have no significant
hysteresis and are able to determine the level to ± 2-3 mm.
A~ the vapour space wi1~ h~ve a varying temperature profile with very cold gas
11qU1ds such as ethane 1t 1S necessary to make corrections for the contraction of
the tape wire and tank shell height. The tape correction is:

• llh e (t ) (H-h) - e (t ) (H-h) - e (t,)hg v eVe »:
( 1 )



• = Correction to the gauge readout in mm.
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Where:

H = Total height of the tank in mm at ambient
temperature l50C (from tank data).

h = height of the liquid in the tank in mm (from
gauge readout)

e (t) = Change in 1ength per unit 1ength of the
g v gauge wi re or tape metal between l50C and

the average vapour temperature tv' Values
for various temperatures are given in Table
1.

•
ee(\') = Change in length per unit length of the tank

metal between l50C and the average vapour
temperature tv' Values for various temperatures
are given in Table 1.

= Change in length per unit length of the tank
metal between l50C and the liquid temperature
t\'..

NOTE In theory h is the corrected height. However,
in practice the gauge readout is used in the
equation without introducing significant errors.

Usually two guages are recommended so that there is a redundancy factor in the
event of a failure of one device also the mean of two gauges will give an
improved precision in determining the level.

b. Temperature Measurement
(~

..-- As the thermal expansion of LPG is of the order of O.3~;by volume for 10C it is

.., necessary to measure the vertical temperature profile in both the gas and liquid
space. A three or four wire platinum resistance multi-sensor system is normally
used. The sensors spaced every 1 to 2 metres apart are often housed in a flexible
stainless sheathed cable.

c. Pressure Measurement
The measurement of pressure in the vapour space is necessary in order to calculate
the mass of the vapour above the liquid.

d. Vapour Measurement
Insertion type Vortex meters are used for measuring the quantity
into the tank from the compressor, adjacent tank or ships vapour
loading. Also vapour quantities discharged from the tank during
low flow rates are measured by Vortex meter.

of vapour entering
return line during
loading at very•
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e. Density Measurement4ItA densitometer of the displacement or Archimedes type consisting of a float that
is weighed by an electronic balance can be used for measuring liquid density in
the tank. Alternatively a "vibration type" densitometer can be installed in the
loading line near to the tank. A new single tube transducer has been recently
developed which has a very low resonance frequency with a high Q value (a peaked
resonance with large amplitude over a small range of frequency variation). This
low resonance frequency is essential in order to minimise a systematic error which
can occur when measuring densities of liquids such as LPG which have a low velocity
of sound. (The low velocity of sound fails to disperse the pressure waves set up
by the transducer vibration so that the densitometer appears to see an apparently
denser fluid)
One method of eliminating this error is to calibrate the densitometer on a liquid
similar to the liquid in service. A special "Density Reference System" designed
by NBS allows the densitometer to be immersed in a refrigerated liquid in a vacuum
insulated container. A silicon crystal suspended from the arm of an automatic

,__.balance allows the density to be measured to ± 0.021,. (See Figure 2)

• Uncertainty of Static ~1easurement
The estimation of the uncertainty of the quantity loaded out of a tank is shown in
the attached sheet. (Figure 3)
A number of assumptions are made which are detailed below:

1 . The uncertainty of the calibration of the shore tank has been estimated as
± 0,05~ (area) including the effect of the liquid head expansion of the
she 1 1 P1ate s ,

i i . The diameter of the tank does not vary by more than l;~ from top to bottom.
Most of the bottom floor movement takes place between 2-3 metres and the
empty condi tion.

iii.

~'7!)iv•• The uncertainty of the vapour return quantity from the ship has not been
included in the calculations.

CONCLUSIONS

a. The uncertainty improves as the ~h of the transfer quantity increases, which is the
reason why long term contracts based on several transfers haveunti1 recently been
acceptable, However, with the advent of the "spot cargo" market, single transfer
quantities to small vessels (where the ~h is less than 10 m) can incur significant
errors.

b. If an insertion type vortex meter is used for measuring the vapour return its
contribution will be negligible to the overall uncertainty.
In terms of mass a Vortex meter w i th an uncertainty of ± 5% would only contribute
5/273 = ± 0,02~; to the overall uncertainty (Gas/Liquid ratio for C3 = 273).

4It



c. The uncertai nty of the quanti ty loaded is not dependent on the flow rate.,
The uncertai nty given in the examples are:

t>h = 2MP

23m = 33817 tonne x 0.0023 = 78 tonne

21m = 30892 tonne x 0.0023 = 71 tonne
2925

Uncertai nty = 100 (782+ 712)" = + 3. 6;~

2925

~\ t>h = 5MII•23m 33817 tonne x 0.0023 78 tonne= =

18m = 26506 tonne x 0.0023 = 61 tonne
7311

Uncertai nty = 100 (782 + 612)" = + 1.4%
7311

t>h = 20M

23m = 33817 tonne x 0.0023 = 78 tonne

3m = 4569 tonne x 0.0028 = 13 tonne

4iI( Uncertainty
29248

= 100 (782 + 132 ) = + 0.27%-
29248

- 4 -

NOTE ~ The uncertainty of transfers representing small "ah" are grossly
overestimated due to the assumption that the uncertainty of the
initial and final quantities in the tank are unrelated. Whereas in
practice the conditions of measurement would be similar (i .e. little
change in temperature for small t>h etc.) A figure of 2.0% rather
than 3.6~; for a t>h = 2m would probably be more realistic .

•
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DYNAMIC MEASUREMENT (Based on Meters)
There are a number of metering systems which are currently employed to measure
refrigerated light hydrocarbon liquids. These systems are described below:

3.1 Turbine Meters and Pipe Prover
Experience has shown that turbine meters used for measuring LPG usually have a
very poor linearity - variation of K factor with flow rate.
Typically a 6" meter used on crude oil wi 11 have a change in K factor of :!:0.2%
over a 6:1 flow range whereas on LPG the same meter would have:!: 0.3 to 1.0% over
4:1 flow range. Under these circumstances it is necessary to use a micro-computer
based 1inearisation technique where K factor versus frequency (pulse rate) curve
is stored in the computer and the appropriate K factor applied to the integration
of the throughput as the frequency changes.
In order to minimisethe error incurred by large variation in flow rate i.e. very
low flow rates when topping up ships tanks, several meters in parallel can be
used. The number of meters employed for any given flow rate will be such that all
the meters are opera ting withi n the top end of thei r 1inear range.
Special consideration however, has to be given to the problems of two phase flow
as vapour can create very high velocities which may over-spin the rotor and damage
the blades and bearings when the lubricity of the product is poor.
Several meters are now available which are specially designed to overcome this
problem.
One method of reducing the bearing friction is to produce a rotor which rotates on
a tungsten carbide spindle which in turn rotates in two tungsten carbide end
journals. By this arrangement the rotational velocity and hence friction is reduced.
Also the rotor can be accurately machined out of solid bar so that it will stand up
to sonic velocities without shattering.
Pipe provers employing pistons with suitable peripheral seals can be operated at
low temperatures. These provers, which are fitted with proximity detector switches
at distances of 10 metres apart give satisfactory repeatability i.e. 5 results
within a spread of 0.05%.
Comparisons between metered quantities and ships quantities (the ships were
specially calibrated to ± 0.2~ by volume) are shown in figure 4.

3.2 Ultrasonic Meters
a. Principles

High frequency soundwaves in the ultrasonic range are beamed across a pipe at
an angle, usually 450. The velocity of the ultrasonic beam is increased or
decreased by the "fluid velocity depending whether the beam is with or against
the flow. (See Figure 5).
The transit time of the pulses in the flight path is expressed in two
equations .involving.the path length between the two transducers (~p), sonic
ve10clty ln the f1uld (C) and the component of fluid velocity in the direction
of the path (Vp)'
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• Transit Time

• T = ~1-2 C+Vp

T2_1 = ~C-Vp

in the direction of the fluid flow

against the fluid flow

As the path length and transit time can be measured precisely and the sonic
velocity in the fluid can be assumed to be constant the equations can be
simplified as follows:

v .:iJL
C050

•b. App 1 ica tions
The main advantages of the ultrasonic meter for the measurement of LPG are:

no obstruction in the pipe and therefore no pressure drop through the
meter.

- no moving parts that can be damaged during a "blown-down".
- high frequency beams can be used with LPG (see accuracy)

9•
The main disadvantage is the problem of gas break-out when the liquid is near
its' bubble point when being measured,as vapour can dissipate the signal
especially if it collects in the small chambers where the transducers are
located. (This can be overcome by having the transducers fitted horizontally).
The upstream straight lengths with or without a flow straightener to
eliminate swirl and pulsation are the same as those required for turbine meters.

c. Repea tabil ity
The repeatability of the meter is mainly dependant on the resolution or
discrimination of the measurement of the transit time and the number of
individual measurements. A typical transit time for a 24" diameter meter woul d
be 200 nano seconds at 490 m3/h with a resolution of 1 nano second. This
represents 1/200 = 0.05% or say 2 m3/h.
However, as the number (n) of individual measurements is increased so the
resolution is improved by 1

Tn

•
Also there is random variation in a single measurement·of flow due to the
t urbu le nce in the f lu id flow. The IlIJ.\ inunn va ria t ion has been found to be of
the or de r ?f ~O:~. This error can simi larly be reduced by averaging a large
number of lndlvldual measurements. However, there is a limit to the length of
the averaging period or. update time.
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In the case of the 24" meter the upda te time is 4 seconds invo1ving 200-
individual readings (100 per path in a two path meter).

~ The uncertainty due to this random variation in ~T is:

Combining the uncertainty due to the discrimination of the transit time
with the uncertainty due to the random variation for a single measurement.
in terms of the total update time the equation for the overall random
uncertainty % is:

;
1

7t/n {(100. tr)2 1 42\ ~( ~T ) + . J

Where: t ; throughput time
; update time

~
n

~T ; transit time
tr ; resolution of transit time (smallest discrimination)

d. Accuracy
The accuracy of the meter is dependant on the frequency of the emitted
pulses. As the leading edge of the first emitted pulse is used to trigger
the electronic timing processor it must be very sharp or nearly vertical.
However, certain absorptive fluids such as crude oil or viscous liquids are
difficult to penetrate so that the frequency has to be reduced with the
result that the location of the leading edge is less clearly defined. This
factor reduces the accuracy of determining ~T.
Also the number of ~T's that can be measured and integrated to derive volume

{~ throughput is a function of processing capability. It is often a trade-off4111 between micro-computer cost and sophistication.
The shorter the update period and the larger the number of individual ~T
measurements the less sensitive will be the meter to changes in flow rate.
Another factor is the accurate determination of the average velocity over the
pipe cross-section.
The velocity distribution in a pipe is a function of the Reynolds Number (Re)
and of the pipe configuration in the vicinity of the metering section. In the
acoustic path crossing the pipe there will be a variation in the velocity of
each local element of flow. Although it can be assumed therefore, that the
average velocity over the acoustic path is measured it will be necessary to
compute the overall velocity profile across the whole pipe cross-section.
As the flow varies so the profile will vary as well.

~
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The systematic error for an ultrasonic meter is a function of the
accuracy of the determination of the path length ~p, COS0, number of
acoustic paths and the formula for integrating the flow profile and
the volume flow rate. In practice the errors due to the determination
of the physical dimensions of the large diameter ultrasonic meters
would be less than 0.01%.
However, there is evidence of a systematic error of the order of + 0.4%
from tests .carried out on a 24" two path meter.

e. Linearity
It can be seen that the linearity of the ultrasonic meter is dependant
on the number of paths, the flow profile and the repeatability. (See
Figure 4).
In practice there is evidence that at Reynolds numbers below 500,000 the
curve of K factor versus Reynolds number becomes non-linear. This is
probably due to boundary layer effects. Typical "linearities" for 12" and
24" 2-path meters are given below:

Meter Size Vi scos ity Flow Range Maximum Variation %
cSt at 150C m 3/h inK factor

8" 0.7 400-1200 : 0.05;b
0.7 100-1200 : 0 .08~~

24" 0.9 1000-'1500 + 0.15%
0.9 550-5500 + O.80j~

24" 0,9 1600-5500 + 0.24%-
0.9 550-5500 + 0.83%

f. Calibration (On'Site)
There is some evidence that it is possible to estimate K factor of an
ultrasonic meter without carrying out a physical calibration. However,
from tests where meters have been compared to gravimetric systems (weigh
tanks in laboratories) or turbine meters used as a transfer standard
against pipe provers the estimated uncertainty is seldom better than: 0.4%
Also there is evidence that the repeatability of the ultrasonic meter
improves with time (throughput period) (see figure 7). Under these
circumstances, therefore, it is possible to use a shore tank as described
in the first section of this paper to calibrate the ultrasonic meter on
site.
The tank uncertainty is dependant on the 6h and as this is a function of
loading time, a continuous comparison can be made with meter during periods
of steady flow rates.
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g. Data Processing and Integration
A micro-computer can be employed to continually integrate the mass of
product in the tank by reading the level gauges, temperature sensors, vortex
~apour) meters and densi tometer readings. The mass of both Iiquid and vapour
in the tank is constantly up-dated and compared with the up-dated ultrasonic
meter. (See Figure 8).

3.3 VORTEX METERS

•

•

a. Principles
A solid body usually known as a bluff body when placed in a stream of flowing
liquid at Reynolds number of approxi~ately 30,000 gives rise to a number of
vortices. This phenomenon known as"vortex shedding"has the characteristic
that the vortices are shed from alternate sides of the bluff body. As the
volume flowing through a meter can be related directly to the frequency of the
vortices it is possible to measure the volume throughput by counting the total
vortices. The ideal shape of the bluff body is a triangle which induces strong
vortices. (See Figure 9). A "shuttle" senses the small reduction in pressure
created by each vortex.
The ideaI relationship is given by the equation:

S f.d where S is known as the Strouha I number (constant)= v
d is the bluff body diameter
f is the frequency
v is the velocity

b. Application
Due to the bluff body there is a pressure drop through the meter which can
cause cavitation which in turn can effect the accuracy of the meter.
The API formula for defining the back pressure required to eliminate cavitation
is similar to that required for turbine meters in LPG service.
A number of straight lengths in the upstream pipe with or without a flow
straightening device is similar to that required for the turbine meter. The
advantage of no moving parts means that the meter can be blown-down without
damage.

c. Repeatability
The frequency becomes lower for a given fluid velocity as the meter
diameter increases as shown below:

Meter Size (Diameter) Pulses/m3

2" 9600
12" 544

24" 11



. '

•

r-"

•

•

-10-
Tests have shown that there is a maximum variation of 205;between the
largest and smallest interval between consecutive vortices, which is mainly
due to the random velocity effects in the flowing liquid. The repeatability
therefore, will be mainly a function of the throughput period.

d. Accuracy
In theory there should be no effect on the accuracy of the meter
due to variation in viscosity or density of the measured liquid.
in practice there can be significant differences in the K factor
and LPG, especially in the smaller size of meters less than 2".

throughput
However,

between water

e. Linearity
The variation of K factor with flow rate decreases as the meter diameter increases
as shown below:

Meter Size (Diameter) Flow Range (m /h) Maximum Variation % in K Factor

2" 5- 40 0.8 to 1.1~~

12" 80- 900 0.35; (See figure 10)

I 24" I
500-1600¢ o. l~;

!,

¢ Unable to test meters over wider flow range.

f. Calibration
There is no direct evidence that it is possible to estimate the K factor of
a Vortex meter without carrying out a physical calibration.
However, it is necessary with the large diameter meters (>12") to compare them
with a transfer standard such as a turbine meter in order to achieve the
required repeatability.
A shore tank as described in-the section on Ultrasonic meters can also be used
to determine a K factor over a long loading period on site.
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TABLE

THERMAL CONTRACTION CORRECTION FACTORS FOR

LEVEL GAUGE AND TANK METALS (See Note at
end of Table)

This table gives va1ue& of O(t) or 8(T) = 6L/L,s for
various temperatures t C or TOC. For derivation refer to
A.1.2. When used in the formulae given in 3.3 the general
symbols are used in subscript form as follows to indicate
the application

Temperature 8(t or 8(T values
t or T A1 36~-; Ferrous Stainless
°c Alloy Ni/lron Alloy Stee 1P.I SI

• 301/306

+ 15 Zero Zero Zero Zero
0 0.00035 0.00004 0.00023 0.00015

- 10 0.00058 0.00006 0.00039 0.00024
- 20 0.00080 0.00009 0.00053 0.00034
- 30 0.00102 0.00012 0.000G7 0.00042
- 40 0.00124 0.00014 0.00083 0.00051
- 50 0.00145 0.00017 0.00097 0.00059
- 60 0.00166 0.00019 O.OOin 0.00067
- 70 0.00186 0.00022 0.00125 0.00075
- 80 0.00205 0.00024 0.00138 0.00083
- 90 0.00234 0.00027 0.00148 0.00090
- 100 0.00263 0.00030 0.00163 0.00098
- 101 0.00264 0.00030 0.00164 0.00099
- 102 0.00265 0.00031 0.00165 0.00100
- 103 0.00266 0.00031 I 0.00166 0.00101
- 104 0.00267 0.00031 I 0.00167 0.00102
- 105 0.00268 0.00032 0.00168 0.00102
- 106 0.00269 0.00032 I 0.00170 0.00103I- 107 0.00270 0.00032

I
0.00171 0.00103

- 108 0.00271 0.00032 0.00173 0.00104- 109 0.00272 0.00033 I 0.00174 0.00105I- 110 0.00273 0.00033 , 0.00176 0.00106
- 111 0.00274 I 0.00033 i 0.00177 0.00107- 112 0.00275 0.00033 i 0.00179 0.00108- 113 0.00276 0.00033 0.00180 0.00108- 114 0.00277 0.00033 0.00181 0.00109
- 115 0.00277 0.00034 0.00183 0.00110
- 116 0.00278 0.00034 0.00184 0.00111- 117 0.00279 0.00034 0.00185 0.00112- 118 0.00280 0.00034 i 0.00187 0.00112
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O(t) or O( T) values
Tempera tu re

Al 36;:; Ferrous Stainlesst or T
Alloy Ni/lron Alloy

Steel°c 1.151
301/306

- 119 0.00281 0.00034 0.00188 0.00113- 120 0.00281 0.00035 0.00189 0.00113- ,'" 0.00283 0.00035 0.00190 0.00114,~,
- 122 0.00284 0.00035 0.00191 0.00115- 123 0.00286 0.00035 0.00193 0.00115- 124 0.00287 0.00035 0.00194 0.00116- 125 0.00289 0.00036 0.00195 0.00116- 126 0.00291 0.00036 0.00197 0.00117- 127 0.00292 0.00036 0.00198 0.00118- 128 0.00294 0.00036 0.00199 0.00119- 129 0.00295 0.00036 0.00201 0.00120'. 130 0.00297 0.00037 o .00201 0.00121131 0.00299 0.00037 0.00202 0.00122- 132 0.00300 0.00037 0.00203 0.00122- 133 0.00302 0.00037 0.00205 0.00123- 134 0.00304 0.00037 0.00206 0.00124- 135 0.00306 0.00037 0.00208 0.00125- 136 0.00307 0.00038 0.00209 0.00125- 137 0.00309 0.00038 0.00210 0.00126- 138 0.00311 0.00038 0.00212 0.00127- 139 0.00312 0.00038 0.00213 0.00127- 140 0.00314 0.00039 0.00214 0.00128- 141 0.00316 0.00039 0.00215 0.00128- 142 0.00318 0.00039 0.00216 0.00129- 143 0.00319 0.00039 0.00218 0.00130- 144 0.00320 0.00039 0.00219 0.00130- 145 0.00322 0.00040 0.00220 0.00131- 146 0.00324 0.00040 0.00222 0.00132- 147 0.00325 0.00040 0.00223 0.00133- 148 0.00327 0.00040 0.00224 0.00134',;j; 149 0.00328 0.00040 0.00225 0.00135

..
-150 0.00330 0.00041 0.00227 0.00136- 151 0.00332 0.00041 0.00228 0.00137- 152 0.00333 0.00041 0.00229 0.00137- 153 0.00335 0.00041 0.00230 0.00138- 154 0.00336 0.00041 0.00231 0.00138- 155 0.00338 0.00042 0.00234 0.00139- 156 0.00339 0.00042 0.00235 0.00140- 157 0.00341 0.00042 0.00236 0.00141- 158 0.00342 0.00042 0.00237 0.00142- 159 0.00344 0.00042 0.00238 0.00142- 160 0.00345 0.00043 0.00239 0.00143

•

•

•



..
-13-

• e ( t) or e(T) values

Tempera ture Al 36% Ferrous Stainless
t or T Alloy Ni/lron Alloy Stee 1
°c AISI

301/306

- 161 0.00346 0.00043 0.00240 0.00143
- 162 0.00346 0.00043 0.00241 0.00144
- 163 0.00347 0.00043 0.00242 0.00144
- 164 0.00348 0.00043 0.00243 0.00145
- 165 0.00349 0.00044 0.00245 0.00145
- 156 0.00349 0.00044 0.00246 0.00146
- 167 0.00350 0.00044 0.00248 0.00147
- 168 0.00351 0.00044 0.00249 0.00148
- 169 0.00352 0.00044 0.00250 0.00149
- 170 0.00352 0.00045 0.00251 0.00150
- 180 0.00358 0.00047 0.00265
- 190 0.00379 0.00048 0.00277
- 200 0.00385 0.00050 0.00287

•
NOTE The values given in this table are typical for alloys and

stainless steels and it is recommended that in order to
achieve the highest level of accuracy the coefficient
should be determined on a sample of the material used.
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.ponen t Uncer te int te s h • 23M h • 21M h • lE.~ h • 3M __ I
'VIO

level (a) contre c t ion of s t t llwe l l for !SOC •· 5 , 0.000014 , 3)000' •• 2.lmm~) I
(b) repea tabi I i.ty of !m. !:2.11m1

,
·

.;7

· (1.3' + 1.1' )I !l.lmm 3.1
,.)

!8m) x 2.518"\
,.) "1· X 1.518 · 3.1 · !em), 3.1 x 1.518 • tBm' 3.1 ,1.513 • .:r~~1 I

volume - Ca1ibration table ·!O.O5~ 0.0005 x 1518 x 1) !:29m1 0.0005 x 1518 x 11 · !:26m1 0.0005 x 2518 x 18 23m) 0.0005 x 1518 x 3 • . , I· .: ! ',:11

She 11 5 nr inb'!.<}c • 0.000028 x 5 x 100 • o.oa 0.0001 x1518x23 · .!:6m' . 0.0001 x2518x11 · !5m1 0.0001 x 2518 x 18 .• Sm) 0.0001 x 1513 , 3 . ~C.Sm ' I
(»

=8+(16'+5,)1 • 8 + (4 '
• I

! 1 !;:I)

Ivolvnc tr t c Ur,certaint,l • 8 + (19' + 6')! 52)i .. !32m'
+ 0.8-)' ~

volume ·!33m' · !34ml • 8 + (13' +
t') _

.. 34 I. 583 .. "'I ] "'I 1 <>l
Ir.a s s (.) • 38 x 583 • 12.2 Tonn, 19.8 Tonne ·)2 x 58) '. 18.7 Tonne (12 x 58) oJ'! 7.C ;vr:r::.J !

I

O~nsity - Cali~ration .. 0.2'-' (fo) • 1518 x 1) x 58) x 0.0022
I

- Correction ~. !O.l~(") • 74.3 Tonne • 2518 x 11 x 583 x 0.0022 1518 x 18 x 583 x 0.0011/1000 • 1518 x 3 , S33 x 0.0022 '-' 'j. J I
(0.1 + 0.1) •• 0.11% 1000 TOW • 67.8 Tonne · .50.1 Tonne 1000 Icr ..'" ,

.'rilll li~uid u~~ertainty mass · (11:2' + 74.3,)1 •• 77.5 Tonne • (19.8' + 67.8,)l •• 70.6 Tonne · (18.7' + 58.1,)1 •• 61.0 Tonn, .(7.0' + 9.7,)1 • .11.0 '0C.,,·, \1

!
'CJR t

Va lcme
. 0.005 x 12711 ' i- calibration table - dome .. 0.5: .0.005 ',22711 ~ !1l4 m1 0.005 x 11711) !117m1 0.005 x 22711 } -121 ' : 14('!~1'- tank .. 0.05:: • 0.0005 x 1341 0.0005 x 7377J 0.0005 • 14929 - m 0.0005 • 52699; •

I

Shell Shr inkaqe .. 0.000042 x 5 x 100 II 0.02% • 0.0001 x 15~53 · :5m1 • 0.0001 x 30088 •• 6m' 0.0001 x 37640 •• 8m' 0.0001 x 7,~IO · : : 5::: 1 I
• volume • (114' .5') .. :114m1 · ( 117' • 6') I = :t117m) · (121 ' + 8')! . ·124 m' · ( 140' • 15,)l · ! \.i !;;: I I

L')
mass 114 x 2.183") II !O.2S Tonne 117 x 2.183 •• 0.16 Tonne 111 x1.183· 0.26 Tonne 141 x 2.183 ·.c.n TO:lnL' I

Density· Iecp • !SoC • 1.2S ]
,

Press .. !5t:1b • 0.5: :2.8~"") ·25053 x 1.183 x 0.018' !1.5 Tonne ·30088 x 2.183 x 0.018 • ·37640 x 1.183 x 0.018/1000 • 75410 , 1.1e3 1.. C.028/10:';0 I
Mole Cemp .. 1.6: T01iO TIill1f :t1.8 Tonne :2.3 Tonne ~.6 Tonne ,

+ 1.5')\ •
,

Ov e ra l l V~pour Uncertainty · (0.25' 1.5 Tonne · (0.16' + 1.8')\ • , 1,8 Tonne ,,(0.262 + 2.32)1 • !.2.3 Tonne (0.311 ... 4.62) ~ " : 4.0 I,;II'J.· i..
':'~\RY.

;

Liquid· 57911 x 583 .33761 Tonne 51875 x 583 • 30816 Tonne 45314 x 583 • 16414 Tonne 7554 x Sal' • 4404 Tonne

Vapour· 25053 x 2.18J~ Tonne 300S8 x 2. T83 . 66 Tonne 37640 x 1.183 • 82 Tonne 75410 x 1.183· 1£5 Icnne-- ---
3J817 30892 26506 45(,9

I(61.0' • 1.3' )1 .. !61.0 Tonnes (12l + 4.6') I . 12.9 T:Jr.(I(: , ;j. i.:

· (77.5' + 1.52)! • 77.5 Tonne ,. O.23~ (70.6' + 1.8 )1 . 70.6 Tonne • 0.13S
I
I

'= 0.2)'; I

Esti_ion of Uncertainty

iOf a ~pane Liquid Transfer
from a Storage Tank

FlO .3

ill (I) lank dia • 56.62om (m'/m • 1518)
m'/"", • 2.518

(1) Height of 5till.ell.330oo om

..- ....-- --.-'-' .......... _-- .._ .._ .._---

•,
!

• 3008~~",_-.Y __ ._

v = 57911m'
L h

(3) Av. temp error' .50C
(4) Density of C3 • 583kg/m'

. (7)(5) Tonne - kg/l000
(6) Uncertainty of densitometer

• :0.2% .

Error in correcting densitometer
to tank temperature

(8) Density of vapour C3 • 2.183k9/m'

(9) Oensity of Vapour =

l288 x Pv. 44.097 \
Tv 1.013 '2J.~'11

(10). (1.1" 0.5' + 1.6');,,;
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"• 1Read level gauges for uncorrected average

Level L(rrm)• J.
Read all tempera ture 2
Average liquid temp TL(k) ; average below L - 1DOmn
Average vapour temp Tv(k) ; average above L + lDOmn I

T(k) ; average of all I
I

j, ,

Correct level for temperature Lc(r.rn) 3
Lc ; L + "B ("lir -288)( L-H) + "cClir - 288) (H-L) + "'B(TL-288)L

1
Read tank volume at 288 K from Lc 4"

value giving VL
J,

Correct tank volume of liquid for tempera ture 5
r>.

• VLc ; VL + 2"D(TL-288)VL
~

Correct total tank volume VT for average temp 0

VTc ; VT + 3"D(T-288)VT
.I,

Ca 1cu1a te volume of vapour as 7

'Iv ; VTc - VLc
.L

Ca1cu1ate tank absolute pressure as 8
P ; PG + A

I
., Calculate vapour mass from 9

.

Mv ; 288 P MwVV·l',r·1.013·23.6451
i

Read density and correct to tank conditions 10
Pc; P(1+1.2(T-TT))(1+b(P-PT))

I

I
Liquid mass ML given by 11

ML ; PcVLc
I

r
Total tank mass M given by 12-

M ; ML + flv

•FIGURE 8 TANK INVENTORY CALCU LATION
•
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Vortex meter

• The vortex meter represents one of the most promising
developments in flow metering over the last ten years.

It is a very robust meter and for smaller dimension
also among the cheapest. Possibly the greatest
advantages is the linear digital output and the
possibility to calibrate the meter accurately under
other than normal operating conditions.

•
Fig. 1 shows a typical vortex meter. It consists of
a straight pipe with a bluff body obstructing the flow.
The bluff body causes vortices to be shed alternately
on each side as shown in fig. 2. This is the same effect
as is seen by a flag waving in the wind. The flag pole
is producing vortices in the flowing air and the flag is
thrown alternately to each side. The frequency is
proportional to the wind velocity.

Any obstruction in a pipe will cause vortices to be
produced. The frequency and the minimum and maximum flow
rate for stable vortex generation is given by the
shape of the bluff body. A few different designs is
shown in fig. 3.

For a particular design the calibration factor is given
by the ratio of the width of the bluff body to the length
of it. This is a rather teoretical approach since the
bluff body is installed in a circular pipe and it is
therefore difficult to determine the correct length to
be used in-the calculation.

On the other hand, when one vortex meter is calibrated
the resulting calibration factor can be applied to other
equal meters. Since the mechanical construction is
very simple, it is not difficult to maintain the same
dimensions within the appropriate tolerances.

•



• When the mechanical dimensions are given the calibration
factor is only depending on the Reynolds number. For
most designs the calibration is linear within 1 or 2
percent for Reynolds number larger than 30 000 up to
a limit given by the onset of cavitation. Its this
property that is used when calibrating under conditions
very different from normal operating conditions Once
the calibration curve is determined versus Reynolds number
for example under Nater calibration, the meter can be used
for any gas or liquid as long as the Reynolds number is
known.

•
In the early days of vortex meter it was often claimed
that the calibration was very little dependent on the
flow profile,and straight upstream lengths of as little
as three pipe diameters were recom~ended by some
manufacturers. Over the years the requirements "have steadiLy
increased and today most manufacturers specify 20 diameters
upstream straight length.

In a general description it is difficult to give accuracy
figures, but under the conditions outlined above the
aceuracy should be in the region of !1%. For more
ac~at~results calibration of each individual meter
under normal operation conditions is necessary.

Calibration of a vortex meter is complicated by the
fact that the vortex generation is not regular. This
means that a large number of pulses have to be counted
to get the correct average. Also it makes the use of
pulse splitting techniques very difficult.

•

It is very difficult to get manufacturers comments on
installation effects. Only one is known to give details
of calibration shift caused by the installation of meters
in pipes with internal diameter that is not exactly
equal to the meter internal diameter. In practise this
is an almost unavoidable problem since the inner diameter
of pipes with norminally the same diameter is depending
on pressure rating.

(-2_ )
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• At the calibration laboratory at Norsk Hydro, Por-sgr-unn,
three different meters have been tested on installation
effect~. Since the time schedule did not permit the
results to be discussed with the meter manufacturers,
the results will not be reported in writing at this
stage.

The results will be given in the lecture without
refering to the manufacturers names.

• Coriolis mass flow meter

As we have seen earlier in this seminar, we are normally
interested in the mass rather than in volume and density.
For a long time different methods of direct mass determina-
tion have been tried, with more or less sucess.

An instrument working by a completely
been on the market for 4 or 5 years.

new principle has now
In basic principle it

only measures massflow independent of how this mass is
composed. Of course there are practical limits to this
statment, but it is felt important to stress that the
principle is a real mass flow measerment.

The instrument is shown in fig~ 4. The only wetted part is
a U-tube vibrating at its resonant frequency· excited by
a magnetic coil. If there is no flow through the tube the
two legs of the U-tube will have parallell oscillatiens, but
as soon as there is flow the two legs will twist relative to
each other. This twist angel is proportional to mass flow rate.

•
To explain the mechanics behind the meter, lets first consider
the coriolis force generally. This is the force caused by
earth rotation that determine the wind directions around high
and low pressure areas on the wether map. For the same reason
a train on the northern hemisphere will always lean against the
right rail on a straight track.
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• If we look at the boy on the turntable in fig. 4 we see
that he will be leaning to the left if he is going to walk
along a straight line painted on the turntable. This is
because his velocity in the direction perpendicular to the
direction he is walking is increasirgproportionally to
the distance from the center of the turntable. This velocity
increase requires an aceleration force(coriolis force) and
to take up this force the boy have to lean.

Exactly the .same would happen iZ we mounted a straight pipe
on the turntable. Any volume of mass that was passing
through this pipe would be accelerated perpendicular to the
pipe axis. The acceleration force would have to be taken
from the pipe, and if the pipe was fixed at only one end
it would therefore bend. If we change the flow direction
the bending direction will also change.

Each leg of the U-tube is fixed at only one end and since
the flow direction is opposite in the two legs the whole
U-tube will twist. Because the U-tube itself is rotating in
alternating directions (oscillating), the twist angle is
oscillating at the same frequency. The angle itself can be
detected as a phase difference between the two "corners" of
the U-tube.

Basically the only factor influencing the tube twisting is
the mass flow, indepent of density, viscosity, temperature
and so on.

However since the U-tube is not rotating at a constant
angular velocit~.but oscillating, the meter is density
dependent. This is because with changing density the
oscillation frequency will change.

The vibration amplitude is determined by the magnetic force
and the elasticity of the U-tube. The elasti9ity is
temperature dependent causing the·meter itself to be temperatur
dependent .

• Both density - and temperature effects are predictable and
can therefore be compensated.
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• The meter is virtually independent of viscosity, the limiting
factor being the pressure loss through the U-tube.

Its also independent of deposits on the tube wall if the
density of the deposit is the same as the fluid density.

Corrosion or erosion may cause the elasticity of the U-tube
to change, thereby changing the calibration.

The most important limitation on the use of the meter is
the maximum tube diameter of 50 mm (at least at present time),
and the requirement of a minimum mass flow rate compared to
the U-tube mass, making the meter unsuitable for low pressure
gas.

The original idea behind this lecture was to present results
from a test of one of these meters. The reason this cannot
be done is that the U-tube broke after four days operation
in the flow laboratory.

Based on technical discussions with the inventor, visit at
a user and~heoretical study of the meter, I still regard
it to be a break-through in direct mass measurement.

•
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Fig. 1 Typical vortex meter

• Fig. 2 Vortices behind a
circular body
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• Fig. 3 Bluff bodies of different shapes
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1. Sense and Drive Assembly
2. Magnetic Position Detectors
3. Ceil Holder and Counterbalance
4. Vibretinq Ij-Sbeped Tube
5. Cast Aluminum Housmq
6. Inlet.Outlet
7. Outlet/Inlet

o

.i.>: '.V

FIg. 5 In OQeration. the mass flow meter forces. tc, and fC2•
create an oscillating moment, M, about axis. O.

"0"

Av. 3 II a person were
standing at the center 01 a
merry-go..round and mea to
walk in a straightJine loward
the 8(jQe, ne or She would
have to lean Slde*ays
againSt the Coriolis terce to
stay on line. The CoriOlis
force. Fe. can be calculated
using. me mass of me .
person"S body, M:Jhe
veloCity of travel. V. IOWan:!
the edge. and the angular
velcx:i1y of lhe me{Kf?r-
round, i;i. Fe "'" 2 tJ· v,

)
I "0"

FUtI. 15 End view at the U-shaped tuDe
showfng the parameters tor caiculating
the tor~ and ItS reiationshlp to the
mass flow rate. The torque depends on
the deftec!jon angle. 8, 01 the pipe and
irs spring constant, Kcs·•

Fig. 4. Mass flQW meter
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and meters because ultrasound may be used in
extract information from a flow-process [1].
single phase fluids.
A division into three main groups, based upon principles of
operation might be as follows:

a number of ways to
Here I will only deal with

- 1 -

•

• ULTRASONIC FLOWMETERS

The term "ultrasoni c flowmeter" covers a vari ety of different methods

•
- Reflection type or Doppler type meters.
- Transmittance type meters

(including time-difference, phase-difference and frequency-
difference/sing around-meters)
cross-correlation meters.

The latter emphasise cross-correlation rather than ultrasonics.

Common to all these is the use of ultrasonic sensor devices and
also the advantage of nonintrusiveness. Apart from that they
utilize totally different principles to measure the velocity of
flowing fluid and should thus be regarded as different types of
instruments .

I will now look at each one in particular to point out
- what they are measuring

indicate how they do it
- how well they perform on the base of the principle used.

For the sake of completeness we should first repeat what is going
on inside the pipe and what to measure.

•
In practice, most flows are tUrbulent and the instant picture
could be somewhat like Figure lao Eddies are generated and move
along the pipe forming a rather complicated f10wpattern. If
particles, bubbles etc. are contained they will be moved correspon-
dingly. The time-average velocity in each particular position of
the cross-section, however, describes a continuous distribution
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• (velocity profile) across the pipe, Figure lb.
This profile is subject to change by Reynolds number, changes in
wall-roughness, upstream bends and fittings causing swirl and non-
symmetric profiles. The quantity to be measured is the exact
integral of the velocity profile or its exact mean value.

.,•
Reflection type or Doppler flowmeter [2], [3], [4]
These meters utilize the effect of a shift in frequency when a
sound wave is reflected from a moving object, Figure 2.
The shift is proportional to the velocity component of the reflec-
ting source in the direction of the ultrasonic wave. Thus a Doppler
meter is in fact measuring the velocity of bubbles, particles etc.
moving along with the fluid. Due to turbulence as mentioned this
is bound to be an aver-aqed va 1ue, but also because ref1 ecti ons wi 11
occur from various locations in the flow dependent on distribution
of reflecting sources.

This measuring principle implies the following features and
prob1 ems:

I

- The sensor could be clamped or bonded to the exterior of the
pipe without any cutting or drilling of holes. This may be
the most outstanding and attractive feature of this type of
meter.

•

- Unlike most other meters, the Doppler meter operates only if
there are particles, suspended solids, fluid interfaces or
gasbubb1es in the process fluid. It will not work with
very clean fluids.

- The meter is profile dependent, like most other meters.
The measured volume is normally 10-20 mm inside the pipe-
wall and thus a real mean pipe-velocity measurement is not
performed. In sma 11 pipes « 2" diameter) you wi 11 probably
read high, in larger pipes (> 6"), low. To correct for
profile variations is thus difficult [3].
The meter depends on distribution of reflecting sources. Gas
in liquids tends to be concentrated near the wall, nonhomo-
geneous mixtures may give strange results and the larger the
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• reflecting sources the less likely it is that they will move
with the same velocity as the surrounding fluid [3].

- The external mounting does not relax the need to know the
pipe cross-section area which should be determined according
to required and achievable accuracy.

- The meter provides a much better repeatability than accuracy
which means that if in situ calibrations can be made, the
accuracy in certain applications can be greatly improved.

•
Thus the Doppler flowmeter should be regarded as a meter of

low accuracy (± 2% F.S.D. or more)
- high repeatability « !1% F.S.D.)

low initial purchase price (10.000 NOK)
low installation and maintenance cost

- and requiring in situ calibration to achieve best accuracy.

Transmittance type
These meters utilize in slightly different ways the fact that an
ultrasonic wave travelling downstream will go faster than one
travelling in the opposite, upstream direction, Figure 3.
The difference in propagation velocity is proportional to the
fluid velocity component in the direction of the ultrasonic beam.
This component varies across the pipe due to the velocity profile
of the flowing medium, but also because of turbulence. Thus what
is achieved by measuring the difference in propagation velocity
is the mean value or the integral of velocity along the acoustic
path.

•

The different methods achieve this in the following way (Fig. 4):
- The transit time difference method measures difference in

time of arrival of two pulses transmitted simultaneously but
in opposite directions along the same path. This is the most
used method and also regarded as most accurate. Time reso-
lution is down to 0.1 ns (10-105) corresponding to 1 mm/s
in a 4" pipe. Sampling rate depends on transit time which is
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• approximately 0.1 ms per inch of pipe-diameter for a gas-meter
[4]. [5]. [6].

•

- The differential phase method uses the phase difference between
two waves continuously transmitted in opposite directions across
the pipe. This is essentially the same measurement as the time
difference above but uses other techniques in detection electro-
nics. and produces an average over several wavelengths of the
acoustic signal.
High quality state-of-the-art electronics technology is
required to achieve high accuracy [5]. [6].

- The frequency difference method or sing-around technique
transmits several pulses in both directions across the pipe.
Each new pulse is transmitted at the arrival of the previous
one. The frequency difference between the pulse-train trans-
mitted downstream and that upstream is the averaged value of
the mean velocity along the path. To achieve high resolution
this implies averaging over say seconds. increasing as pipe-
diameter increases.

As shown. the various methods all measure the same basic quantity.
The difference is in the electronics and shows up mainly in response
time and to some extent also in accuracy [5]. [6].

As already indicated the· transit time difference seems to·be·
the most preferable method and is most the one used in instruments
claiming high accuracy.

Of the various configurations of transducers in the meter section.
the single path is most common (Figure 5). The path is located
along the pipe diameter.

Transducers could be mounted withdrawn from the pipe wall or
slightly intruding as shown (Figure 6).

•
The measuring principle and practical configurations of single
path meters imply:
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• - none or negligible obstructions of flow-profile.
relatively clean fluids required.
Particles, bubbles etc. will introduce scatter and increase
acoustic damping and thus making it more difficult to get signals
through to the receiver. Large objects may even block the signals
completely. Signal processing rejecting "bad measurements" will
to some extent overcome these problems, depending on size and
density of the disturbing elements.

•
- profile dependency exists.

The measured mean velocity is not the mean pipe-velocity, but the
mean of a narrow path along the diameter. A meter factor in the
range 1.08 to 1.04 is thus required for Reynolds number from 104
to 107 [7]. This corresponds to a change of 1% for each magni-
tude of 10 in Reynolds number.
Additional changes of profile caused by roughness and upstream
disturbances resulting in swirl and non-symmetrical profiles
could introduce even more serious errors. Errors of 3-4%
6 diameters downstream of a 900 elbow have for example been
reported [8].
Transducers could be mounted in existing pipe-works, but
to achieve high accuracy meters should be installed as a
separate section.

i
- Cross sectional area should be known. This \~ill be the case

when a separate pfpe section is delivered.
- When electronics are properly designed meters will show very

high repeatability.
- Calibration is unaffected by temperature, pressure, viscosity,

and composition of fluid. As a physical property of non-flowing
fluid which will depend on these factors, sound velocity is
continuously measured and accurately compensated for. Thus
the requirement is only to get the signal through to the
recei ver.

•
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• To summarize: The single-beam ultrasonic flowmeter is a meter of
- medium accuracy ( ± 1% F.S.D. or more)
- high repeatability (: 0.1% F.S.D. claimed)

initial purchase price relatively independent of pipe size
Transducer + electronics 35.000 NOK
4" pipe section
48"

1.500 NOK
11 .000 NOK

- maintenance costs are relatively low because of the absence
of moving parts and simple mechanical design.
relatively low calibration cost.

•
Multipath meters [2]
The main limitation of a single path meter is its flow profile
dependence. The logical solution to this is to apply multiple
paths at different locations in pipe cross-section. Each path
results in a mean value through a defined part of the velocity
profile (Figure 7). Combinirg these multi path measurements .tn
proper ways will give the f10wrate of the pipe.

i~• Various computiona1 schemes have been proposed, based on numerical
integration formulas and knowledge of the extreme limits of profi1e-
variations, and integration errors in the region of 0.1% are
achievable for Reynoldsnumber ranging from 104 and upwards [10],
[11], [12]. Errors less than 1% are reported even when measuring
only 4 diameters downstream of a 900 elbow [13].

The multipath ultrasonic flowmeter thus possesses the same proper-
ties as the single beam meter considering non-intrusiveness, high
repeatability, necessity for relatively clean fluids and independence
of pressure, temperature, viscosity etc.

•
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• The meter section and transducer mountings should be precisely
machined to acchieve high accuracy. Mounting of transducers in
existing pipe is not therefore recommended.

However. the multipath ultrasonic flow-meter is supposed to be
the most accurate available for medium to large pipes [14].

•
It should be regarded as a meter of

very high accuracy (!0.5%)
very high repeatability (± 0.1% F.S.D. claimed)
high purchase cost although relatively independent
of size (> 100.000 NOK! This I think is closely related
to low production volume and partly to expensive electronics.
relatively low maintenance costs.

The cross-correlation flowmeter

i

This meter is based upon a comparison of "state" between two cross-
sections of pipe located close to each other. The "state" defined
as particles. bubbles. eddies etc. present at a given instant.
The "state" of each cross section can be detected by an ultrasonic
path sensing acoustic damping or velocity along the diameter.
Like fingerprints in received signal the various state-pattern will be
sensed in the two cross-sections with a time difference corresponding
to the velocity of eddies, particles. bubbles etc. (Figure 8)
[15]' [16].

The flow-measurement is done through cross correlation of the two
signals/states and thus the classification "ultrasonic" is secondary.
as other types of sensor can be used instead.

•
The measuring principle implies

external mounting of transducers
clean or dirty liquids. Able to handle very difficult
process fluids. such as corrosive fluids. slurries. vapour etc .
profile dependence although more difficult to predict than
for single-path meters.
slow response due to cross-correlation calculations.



--~.-....---.~.-....-. .. _ ...--- -.•.:--:-,~.::.-..~;-,.,

- 8 -

• The meter is a new device on the market and the following characteris-
tics could be suggested:

low/moderate accuracy (supposed better than Doppler-meters)
high purchase cost. but independent of pipe-size
low installation and maintenance cost.

•
App 1icab;] ity
So far. I have not distinguished between gas and liquid meters.
The Doppler meter is for several reasons not commercially available
for gas-metering but for multi phase measurements it could very well
be used.

~•

Transmittance types and cross-correlation meters will in principle
work both in gas and liquid. In practice, however, the problem of
making efficient transducers for gaseous media has to be overcome.
This seems to be in the process of being solved now. A few single
beam meters are on the market. At eMI we have been building gas-
transducers for some years and recently the techn+ques have been
applied in a 4" gas-meter with 3 paths. The meter is still in an
experimental stage but accuracies better than 1% are indicated [17].
The meter will even work down to atmospheric pressure. This in
fact is often a problem for this sort of instrument.

For crude oil mu1tipath meter is used in the Alaska pipe-line for
leak-detection where differences between meters are reported better
than 0.1% [11].

The transit time difference meters combine high resolution and high
bandwidth thus enabling measurement of transients and oscillations as
for example reported by Dordain, ONERA in [18], and as has been
mentioned, velocities down to a few mm/s may be measured.

•
The "clamp on" property of Doppler meters and cross-correlation
meters make them very suitable for metering difficult fluids at
extreme temperatures, corrosive fluids etc.
Use of temperature, chemical etc. protected transducers in meters
of the transmittance type will also provide accurate instruments
for these applications.
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• When referring to their properties I will suggest ultrasonic
f10wmeters to find an increased use
- where flare gases and exhaust fumes should be monitored,

conditions requireing high dynamic range, non-intrusive
meters and tough operational conditions.

- where large quantities of valuable fluids have to be metered
to the highest level of accuracy over a long period.

Future trends
The ultrasonic meter is already a highly sophisticated electronic

more extensive use of ~-processors to perform
corrections for flow-profile variations
self-testing and diagnostics
self-calibration and self-adjustment

mu1tipath meters could be made less expensive providing
a high accuracy meter at comparable prices. High prices
are closely related to electronics and low production
volume
more integrated meters where additional sensors coul d be
added to compute mass flow and composition.

As the mu1tipath meter will be able to provide increased accuracy
and perhaps even more: to give accurate readings when distorted flow
profiles exist, I think these meters will be paid increasing
attention by both producers and users.

To conclude:

•
The ultrasonic sensortechnique offers a varity of f10wmetering
methods from the Doppler flowmeter at the low accuracy end to the
very accurate multipath meter. As a result of their many advantages
these should become even more used in f10wmetering both for gases and
liquids. As multipath meters will reach reasonable price levels,
non-intrusive meters of very high accuracy and repeatability will
become available.
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a) Turbulent flow. Instant picture.
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Figure 2. Doppler flow-measurement.
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• 1. INTRODUCTION

..

The phenomenon of critical flow, although established analytically
and experimentally before 1900, did not become popular in flow
measurement until the 1950·s. At that time critical flowmeters
were used as a test device in performance evaluation of gas tur-
bines and within the aerospace industry in its rocket propulsion
projects. From these applications came an optimized critical flow
meter, the critical flow venturi, also called sonic nozzle. After
many years of effort in different laboratories in Europe and USA,
the International Standardization Organisation has decided to
publish a draft international standard (DIS) for measurement of
gas flow by means of critical flow venturi nozzles.

2. TYPICAL FEATURES OF A CRITICAL FLOW VENTURI NOZZLE

A critical flow venturi nozzle (CFVN) or sonic nozzle (SN) is
shown in figures 1 and 2. It consists of an inlet convergent, a
toroidal or cylindrical throat and a divergent outlet. A CFVN > a
constriction type flow meter in which the phenomenon of critical
flow occurs when the gas velocity in the throat of the meter is
accelerated to the local value of the velocity of sound.

2.1. Advantages
System simplicity

The CFVN requires less instrumentation and is less sensitive to
installation and pulsation errors than subcritical devices. As
long as critical flow conditions are maintained, downstream
perturbations are not propagated upstream and do not introduce any
error in the flow rate measurement. Only pressure and temperature
need to be recorded in order to predict the flow rate through the
CFVN.

•
Recovery

Due to the divergent outlet section downstream of the throat the
CFVN is able to recover up to 90% to 95% of the stagnation pres-
sure.

Repeatability

The CFVN has no movable part which may create performance drift.
Experiences have demonstrated repeatability well within ~ 0,1%.

•
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• Predictability

The flow rate through a CFVN can be theoretically predicted with
high enough accuracy for all practical purposes.

2.2. Limitations

Rangeability

. - The rangeability of the CFVN is limited to the possible variations
of inlet pressure. It is convenient when large flow rates are re-
quired to instal a battery of CFVN as shown in figure 3.

Pressure loss

Critical flow conditions in the nozzle generate pressure loss of
at least 5% to 10% of upstream pressure. For system design purpose
this pressure loss should be put to 10%.

Real gas properties

For real gas calculations there is still a lack of knowledge, but
for design purpose the model developed by R.C. Johnson prevails
(1,2).

Construction

Due to the particular inlet, throat and outlet sections the con-
struction requires very skillful machinist to build and inspect
according to the tolerances. The larger the throat diameter, the
easier the construction.

, 3. THEORETICAL CONSIDERATIONS

3.1. Ideal conditions

The theoretical calculations of flow through a CFVN is based on
three main hypothesis:

- the flow is one-dimensional

- the flow is isentropic

- the gas is perfect

•
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• If these conditions are satisfied, the value of the mass flow rate
through the CFVN is predicted to be:

q = A* C~ p el/B To )-1mi 10M
( 1 )

where
C~iS the critical flow function for one dimensional isen-
tropic flow of a perfect gas, definded as:

y+lr 2 (y-l)]'q = LY (,,-I)
(2 )

The other parameters are defined in the nomenclature.

3.2. Real conditions

In order to compensate for the deviation from non-one dimensional
and non isentropic flow one introduces the notion of discharge
coefficient, C. The discharge coefficient of a CFVN is less than
unity since the flow is not one-dimensional and a boundary layer
exists due to viscous effects. C may be determined by direct cali-
bration or from an empirically determined function of the Reynolds
number.
By direct calibration the nozzle discharge coefficient is obtained
from the equation:

(3 )

where
qactis the actual mass flowrate calculated from a primary
ca~ibration. From series of primary calibrations the follow-
ing equation has been developed:

-nC = a - bRed (4 )

where

Red is the CFVN throat Reynolds number defined as:

•
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• The coefficients a and b are given in table 1. They are the same
as those indicated in the forthcoming DIS for CFVN (3).
The flowrate, qm' in real conditions becomes:

_ I~-l
q - A*CC* P (V ~M TT_ )moo (5 )

where

C* is the critical flow function for one dimensional gas
flow.

• (6 )

where
CR is the real gas critical flow coefficient defined as

(7 )

.'
R.C. Johnson (2) has developed an
critical flow metering of natural
According to Johnson:

empirical correlation for the
gas mixtures valid up to 70 bar.

C = a f + bR c c
(8 )

the compressibility, Z, being calculated by means of the Benedict,
Webb, Rubin equation of state.

The coefficients a and bc are given in tables 2 and 3 as
function of pressu~e and temperature.

The gas composition factor,f, is defined as:

where

•
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• X is the mole fraction of the gas whose chemical symbol app-
ears in the subscript.

According to Johnson the composition factor, f, should be in the
range 0 to 0.2. It should be noted that the composition range of
the gas mixtu,e, where this correlation is applicable, is quite
limited. Table 4 gives the permissible range for all components in
mole fractions. Alt~ough it has been recognized that this
technique is not as accurate as one would desire, it is the only
one which is currently available for practical use.

4. STANDARD CFVN AND INSTALLATION REQUIREMENTS

-,

•
As indicated in figures 1 and 2, CFVN consists of a
inlet followed but the throat and divergent outlet.
is shaped to provide a maximum pressure recovery.

convergent
The divergent

A large number of inlet shapes and throat geometries have been
proposed and studied. Discussions by ASME and ISO committees have
reduced these shapes down to two which are currently considered as
standard devices (3).
One is proposed by Hillbrath (4); it is identical to the design of
Smith and Matz (5). It consists of a toroid of R/d=2.0, and a con-
traction ratio of 2,5. This device has no cylindrical throat and
the diffuser is a cone of 4 degree half angle tangent to the
continuation of the inlet toroid. Brain and Reid (6), Arnberg et
al. (1) and Stratford (8) have also largely contributed to the
toroidal CFVN development and design.

The second one is based.on investigations performed by Jaumotte
(9), Castillon (10), Masure et al. (11), Grenier (12) and
Peignelin (13). It consists of a quarter of a torus tangent both
to the inlet plane and to the cylindrical throat. The radius of
curvature of the torus is equal to the throat diameter. The
cylindrical throat has a length equal to the throat diameter. The
diffuser is the same as for the toroidal throat venturi.
The" inlet conduit up to 3 pipe diameter (3D) upstream of the ven-
turi nozzle shall not deviate from circularity by more than 1% of
its diameter and shall nave an average roughness height which
shall not exceed 15.10- ·D (m/m) of conduit diameter.

To avoid corrections for the dynamic pressure upstream of the
nozzle, a CFVN shall never be used with a diameter ratio
(throat/pipe) larger than 0.25 when placed in a circular conduit.
In any other case it is recommended that the throat area shall
never exceed 6% of the upstream area.

•
Pressure taps for upstream static pressure measurements shall be
located 0.9 -1.1 D from the inlet plane of the nozzle. The dia-
meter of pressure tap should preferably be 1.3 ~0.3 mm. Downstream
pressure shall be measured with a pressure tap 0.5 D downstream of
exit plane. Temperature shall be measured 2D upstream and the dia-
meter of the sensing element should not exceed 0.04 D.
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5. UNCERTAINTIES•
5.1. General

As mentioned previously, operation at critical flow conditions is
characterized by a continuous acceleration of the flow from the
venturi inlet to some location downstream of the throat.

•

Figure 4 shows an ideal Mach number distribution along venturi
length at typical subcritical and critical flow conditions. Ideal
weight flow rate per unit area at the venturi throat is shown in
figure 5 as a function of throat Mach number and throat pressure
ratio. Variation of venturi throat static pressure as a function
of maximum venturi Mach number is indicated in figure 6. Operation
at critical conditions, as compared with operation at subcritical
conditions, results in a marked reduction of the error in flow
rate resulting from errors in venturi pressures.
The rate of change of air flow with respect to Mach number is
large at low Mach number (Ma from 0.2 - 0.4). The rate of change
is zero at Ma=1. At critical flow conc"tions the throat static
pressure is constant.

5.2. Draft international standard

In the DIS document (3) it is indicated that the relative uncer-
tainty of the discharge coefficients calculated according to equa-
tion (4) is +0.5%. This uncertainty is for a confidence level of
95%. -
European laboratories as NEL and Gaz de France which operate tests
facilities for primary calibration of CFVN (gravimetry and volume-
try) claim an accuracy better than ~0.25 to ~0.3% on their"dis-
charge coefficients.

5.3. Uncertainty calculations

Details for practical uncertainty calculations are indicated in
the standard ISO-5168: Estimation of uncertainty of a flow-rate
measurement.
The practical working formula for mass flow uncertainty clacu-
lations is:

+

•
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Assuming the following relative uncertainties:

• = 0.05%
see table 5
see table 5
0.15%
see table 5
see table 5
and figure 7

throat diameter
discharge coefficient
stagnation pressure
stagnation temperature
molecular weight

=

critical flow factor

Based on these above indicated uncertainties, the relative error
on the flow rate has been calculated. Table 5 shows that eqvaries
between ~0.45% and ~0.76%

• 6. APPLICATIONS

6.1. General

The CFVN has two main application fields. One concerns secondary
standards for gas flow meter calibration and control, the second
is for turbine testing.
Turbine testing requires the accurate measurement of air flow.
CFVN's are normally used because they are appro-ximately 3 times
more accurate than subsonic metering devices (15).

• The CFVN has been used as secondary standard by Gaz de France who
uses this type of device to control the flowmeters installed on
their grid. In UK NEL-has actively promoted its use within gas
metering.

In the US, the Natural Gas Pipeline Co. of America has also used
CFVN to verify their line meters (16).

Besides, tests have shown that the method of using a set of sonic
nozzles (figure 3); arranged in parallel in a package of short
length, can prove to be a particurlarly effective means of obtain-
ing performance traceability for flowmeters which measure flow
rates well in excess of those which can be covered on existing
primary standard test facilities.

6.2. Practical criteria

• When a CFVN is intended for use, for instance with a natural gas
whose composition factor, f, is within the previously mentioned
validity range (0 to 0.2), the following procedure is recommended:
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• determine roughly the nozzle capacity, i.e. A*. Figure 8
shows the mass flowrate variation as function of
stagnation pressure for different throat diameters.

- manufacture or buy the right nozzle (either with toroidal
or cylindrical throat). Refer to DIS recommendations.

- have the CFVN primary calibrated in order to determine
the discharge coefficient. Alternatively determine the
discharge coefficient through a secondary calibration or
by means of equation (4).

.. - apply Johnson method to calculate the real gas critical
flow coefficient, CM and use an appropriate state
equation to calculate Z.

- calculate the mass flow rate from equation (5) or (6).

• Particular attention must be paid to the gas composition. The
above mentioned formula is only valid for gases whose composition
corresponds to what is indicated in table 4. For other gases and
for pressures higher t~an 70 bar there is no methods which are
directly applicable. However, the fundamental procedure used by
Johnson is a general one and can also be used for other gas
compositions. It should be noted that when the gas contains impor-
tant quantities of heavy components (for instance more than 0.4%
of C4) precautions should be taken to prevent possible conden-
sation effects.

7. CONCLUSIONS

•
Recommendations have been given for two types of standardized
CFVN. Essential features of these designs are given as indi-
cations. A final document on that topic will be issued by the
International Organization for Standardization (3).
The CFVN is normally not suited for on line flow rate measurements
in field installations, but it is very useful as secondary
standard for gas flow meter calibration and for verification of
line meters (16). The CFVN is used for testing of turbines (15).
The accuracy and the repeatability are two main advantages of the
CFVN. The mass flow rate through a CFVN is easily predicted from
theoretical calculations. Uncertainties of the order of +0.7% on
the flow rate may be obtained when an +0.5% uncertainty on the
discharge coefficient is considered. Improvement on the flow-rate
accuracy may be obtained by direct calibration of the CFVN. In
this case accuracy better than ~0.5% is achieved.

•
Methods are available to calculate the mass flow rate through a
CFVN for natural gas mixtures which have up to 0.4% of C4 com-
ponents.
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• 1. NOMENCLATURE

The nomenclature used a n this report is ·shown below:

-.

A* Area of critical flow venturi nozzle throat
C Coefficient of discharge for the venturi

nozzle
Cd Coefficient of discharge for the

orifice
C* Critical flow function• C~
1

Critical flow function for one dimensional
flow of a perfect gas

•

d Diameter of orifice or throat of primary
device

D Upstream internal pipe diameter
ex Absolute uncertainty of the quantity X
E Velocity of approach factor E~(1_~4)-!
f Gas composition factor
k Pressure loss coefficient
m Total mass rate of flow in the loop
Ma Mach-m.unber
M r.blecular weight
Po Stagnation pressure of the gas at nozzles

inlet
p Static pressure of the gas
~p Differential pressure
Q Total volume rate of flow ln the loop
qm Mass rate of flow through a CFVN

qv Volume rate of flow through a CFVN
Re Reynolds number
R Universal gas constant
T Temperature of the gas
To Stagnation temperature of

the gas
~lean axial velocity of the fluid m the pipeU• Z Compressibility factor

Dimension-
less
Dimension-
less
Dimension-
less
Dimension-
less
L

L

[ X 1
Dim. less
Dim. less
Dim.less
Mit
Dim. less
M
ML-1T-2

ML-lT-2

ML-1T-l

L3/t
MIt
L3/t
Dim. less
L2t-2T-l

T

T

L/t
Dim.less

m

m

kg/s

kg
Pa

Pa
Pa
m3/s
kg/s
m3/s

m/s



•

• I> Diameter . d Dim. lessratlo,llj)
y Ratio of specific heat capacities • Dim. less
K Isentropic exponent Dim.less

Dynamic viscosity of the gas -1 -2 kg/ms 2
u ML t

Density of the gas ML-3 3
p kg/m
<P Product coefficient ~=A*CC*~-l Lt (~rr)! ms(oK/kg) !

e Sensitivity coefficient
£ Expansibility factor Dim.less

•

•



b = 1.525 b J::I 7.24

TABLE 1• Toroidal th.oat i Cylindrical throat
I I I

105 < Red < 107 a = 0.993 54 10~ < Red < 4 x 105' a 1

naO.5 naO.5

4 x 105 < Red < 2.8 x 106 a 0.9886

• b = 0.2215

I
n = 0.2

TABLE 2
VAWF.S OF COt;}'FlCIf:l:T 0c

• ••~.~••••~••••••'.* ••'.*~••*.*"."*****.*'****~**1~** ••**** •••~*.*.***
• TEgp .. ]}JU'T STI.CI.'Ji'J'lOI.' PRL'SSURE - I!l.CAP!;SCALS •
• DL'C •••••••••*.*., ••**~.** ••***~ ••••• ~* •••**.~.**'-.*.*.** •••••••• **
• C .. -0 .. 1 .. 2 .. 3 .. 4 .. 5 .. 6 ..
*.***.**"**'*.***'*i".**·*.~.~~+'*'***.****·*******~* ••• *******.** •• ***

0 .0293 .. - .0331 .0371 .. .01;07 .. . 0~37 ". .0452 .. .0442 ** " •
5 .0298 * - .0336 .0373 * .0408 .. .043 G .. - .0452 .. .0447 ..

* * ..
10 .0304 .031;0 .0375 .0409 .0436 -.0452 .. .0450 •.. .. * .. • .. ..
15 .. .0309 .. - .0343 .. .0377 •O~J 0 • .043G .. - .0';51 .. . 0:'~2 ..

* w

20 .. .0314 .. .0347 .0300 .. .0412 .. .O'13G * - .0451 .. .0'1511 *.. *
25 .. .0319 .. - .0351 .. .0383 * .0~13 .. •0~3G " .O';!;2 .. .0456 ..

*
30 .0324 .. - .0355 .0385 .04l!; .0'137 .. - .0452 .. .0'; 57 .... * w " .... 35 .0328 .. - .0358 .0387 .. .0414 -.0437 .. -.0452 .. .0458 ..• .. ..

.. 40 .. .0332 .. - .03G1 .0390 .041G .0,,37 - .0453 .. .0459 .... w .. ..
**.** ••••***** ••••*** •••• ** •••••** ••***** ••*****.****.****.******.*****

•



Ethane ..........•.•...
propane ...........•...
2-Methyl Propane ••••••

0.840 - 1.000
" 1'1.11o 0.020
o 0.004
o 0.'Hl4
o 0.023
o 0.017

• TABLE 3
VALUES OF COEFFICIENT be

•

*••*••*~***•••~*.********.**••*****.~**.*****.*.**~*•••*••***~*~.~*.***.. TENP .. INLET STACl//,TION PRESSURE - m:CAl'ASC ILS ".. DEC ***.********.***.****.****.***.*~*.**~*****~.*****~.*****.******.. C .. 0 .. 1 .. 2 '" 3 .. 4 " 5 .. 6 ..
****••****** ••••*** ••••*.**** •••••*.**.*****~**~*~*i*******~*****6*~.*~.. 0 .. .6709 .. .6708 .. .6709 .. .6714 .,. .6722 " .5737 '" •6'756 .... 5 .. •5707 .. .6706 .. .6708 .. •6713 ~ .6722 .. .6736 .. .6755 ..
.. 10 .. .6704 .. .6704 .. .6705 .. .6712 .. .6721 .. •f>734 .. .6753 ..
.. 15 .. .6701 .. .6702 .. .6704 .. •6710 .. .6720 .. .6733 . .,. .6751 ..
.. 20 ~ .66S9 .. .6699 .. .6702 .. .6'/09 * .6718 .. .673:, * •h';4 9 .... 25 .. .6695 ..: .6&91 .. .6700 .. .670;; .. .6716 .. .6729 '. .6746 .... 30 .. .6692 .. .6694 .. .6&98 .. .6704 .. .6'114 .. .6727 .,. •::;7~1; •• .. 35 " •6689 .. .6691 .. •G695 .. .6702 .. .6712 .. •G72l1 .. •&741 .... 1j0 .. .668& .. .6688 .. .6693 .. .6700 " .6709 .. .6722 .. •(;738 ..
**.* **.* *.* ***** .....*.** ..*~...'"'III ** ........** ........ **.* \l"**** **'ll ** *****" ** ••~..:r*.'" *. ,

• TABLE 4

Methane

Butane ..•.........•.••
Nitrogen .••••••.••••••
Carbon Dioxide .•••••••

•
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~c !;: po ~M ~C4l" ~9m
0.25 0. .2 5 0 •.04-4

O. '"
0."0 0.,-4

0.5 0.2' 0 •.049
0.40 o. :",

0.25 0•.2 !I$ 0.47
0.3 0.2. 0.40 G.-51

0.5 0.2' 0.52
0."0 0.61

0.25 0.2., 0.'3-
0.3 0,410 o.c.

0.5 0.2, 0.57
0.40 6.t>!J}

0.25 0.2!1 0.7"

O. '"
6.40 6.~-'

0.5 0.2' o.~3
0,40 0.71

0.25 0.2.' 0.'2
o.~ 0.2 0,40 ".459

·0.5 0.25 0.'6
0,,,",0 .o.7J

0,25 0.2' 0.66
0.3 (t,40 O07~

.. 0.5 0.2' 0.6ct
0.40 f),7(.

TABLE 5 RELATIVE UNCERTAINTIES

•
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2.6 d
2.4 ' f

2.50 - 6.00

f= 1.8d
2.2

In this region the arithmetic average
of the relative roughness of the
surface shall not exceed O.OOOld.

* In this region surface finish shall
be a maximum of 15 microns per meter
of throat diameter arithmetic average
and the contour shall not deviate
from toroidal form by more than O.OOld.

Inlet plane

FIGURE 1 . TOROIDAL THROAT VENTURI NOZZLE
............. ... ..- ....- ..- . -- .--'-,.•.-. _ . -"-=--'-
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* In this region surface finish shall be
a maximum of 15 microns per meter of throat
diameter arithmetic average and the con-
tour.shall not deviate from toroidal and
cylindrical form by more than O.OOld.
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arithmetic .average of the rela-

1
tive roughness shall not exceed
O.OOOld.
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FIGURE 2 CYLINDRICAL THROAT VENTURI NOZZLE
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