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ABSTRACT

Offshore metering stations based on orifice plates are bulky and reguire much space. Accordingly, the platform costs
are considerable, and can be significantly lowered if the size of the metering station is reduced.

Ultrasonic transit time multi-path meters will allow compact melering stations to be constructed due to increased
flow meter capacity and reduced installation lengths. In addition these meters offer improved flow meter performance
and potential for simpler maintenance procedures.

A vew multi-path flow meter for gas has been developed by Christian Michelsen Research in Norway. The flow
meter has undergone testing on natural gas at K-Lab, Norway. The flow meter (FMU 700) will be manufactured by
Fluenta AS. . |

The FMU 700 features new technical solutions such as titanium housed ultrasonic transducers, automatic gain
control, on-line measurement of transit time delay in cables and electronics, and software pulse detection.

The deviations between the K-lab sonic-nozzle reference mass metesing system and the FMU 700 are less than 0.8%
at gas velocities between 1 and 8 m/s. These results were achieved with 10D straight inlet pipe downstream of a
90° bend. Tests were also performed with the FMU 700 installed only 5D downstream a 90° bend. At gas velocities
between 2 and 8 m/s the measurement uncertainty is not changed despite the reduction in upstream straight pipe
length from 10D to SD. The observed deviations were independent of the test pressure varying from 55 to 100 bar.
The test results show that it is quite feasible to build a very compact and light metering station compared to
conventional solutions and at the same time comply with the requirements set to fiscal metering stations.

The following procedure is suggested for proving of a multi-path meter in a fiscal metering station :

- Zero calibration of flow meter when delivered from manufacturer.

- Flow calibration prior to installation in the metering station.

- Use of the flow meter's self diagnostic properties to indicate if and when zero calibration should be
repeated.

- On-site zero calibration of individual transducer pairs which are removed from the pipe line and installed
in a zero calibration cell.
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1 INTRODUCTION

Offshore metering of natural gas has been, and still is, based on the arifice plate. This technology is proven and well
known both to the operators and the authorities. However, metering stations based on orifice plates are bulky and
require much space. Accordingly, the platform costs are considerable, and can be significantly lowered if the size
of the metering station is reduced [1,2].

Statoil, as a major gas producer, has been concemned with reducing the costs of offshore metering of gas [1]. Based
on the general development within electronics and sensor technology during the 80°s, it became clear that multi-path
ultrasonic flow meters represented a realistic alternative to orifice plates. Specifically, multi-path meters would allow
compact metering stations to be constructed due to increased flow meter capacity and reduced installation lengths.
In addition these meters offered the advantages of :

low uncertainty,

no moving parts,

no pressure loss,

rapid response,

potential for omitting flow calibration,
self-checking possibilities,

reduced maintenance.,

Thus, it was recognized that introduction of ultrasonic meters would both reduce costs and improve flow meter
performance. In a study carried out by Statoil, savings of 100-150 millNOK were estimated if offshore metering
stations were based on ultrasonic rather than orifice meters [1].

On this basis Statoil and Christian Michelsen Research (CMR) launched a project in 1988 with the objective of
developing a 12" multi-path meter. The project was funded by Statoil. The design phase was successfully concluded
by the end of 1990 and it was decided to build and test a 12" prototype fiscal metering system (FMU 700). The
prototype and testing phase of the development was funded by Statoil and Fluenta, a subsidiary of CMR. The FMU-
project was carried out jointly by Statoil, CMR, Fluenta and Kongsberg Offshore (KOS).

CMR has been active within ultrasoric flow meter technology for more than a decade [3,4], and proposed as early
as in 1981 to develop a multi-path gas flow meter.

These projects served as a technology basis for the FMU-project where CMR developed the ultrasonic transducers,
the geometrical arrangement of the sensors on the spool piece, the hazardous and safe area electronics, the flow
computer solution and software as well as the signal processing technique.

The project was coordinated by Fluenta which also will manufacture the FMU 700 flow meter,

KOS developed design solutions for metering stations based on multi-path meters and provided the secondary spool
piece carrying temperature, pressure and density sensors.

The meter was tested on natural gas from mid November 91 to early February 92 at K-Lab which is a high-pressure
flow calibration facility located at Kirstg, Norway. K-Lab is a joint venture between Total and Statoil and is
operated by Statoil.

In this paper we describe the results of the FMU-project focusing on the flow meter concept, a discussion of some
of the test results and finally a presentation of procedures for proving of multi-path ultrasonic gas flow meters.
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2 MEASUREMENT PRINCIPLE
Transit time principle
The FMU 700 is based on the well established acoustic transit time principle. The measurement principle utilize the
fact that the direction and propagation velocity of an ultrasonic pulse will be modified by the flowing medium. An
ultrasonic pulse propagating with the flow will experience an increase in velocity while an ultrasonic - pulse
propagating against the flow will experience a decrease in velocity.
Basic formulas

In Figure 1 a single-path ultrasonic flow meter is illustrated with two ultrasonic transducers facing each other at an
obligue angle 1o the pipe axis. The individual upstream (1,,) and downstream(t,,) transit times are given by [6]

42 = L/ (-v35in’0)? + voos0 ], (1a)

t2y = LA (c*-v*5in’0)"? - vcos ] . (1b)

It is readily shown that combining Eq.(1a) and Eq.(1b) yield

v = L4 )/ 4, tn 20080 ), - @
and

C = L[ (42+1))’c050 + (1y-14,)sin’8 2/ 4, t,y 2c0s0) 3
where

v = Axial flow velocity averaged along a chord D which is the projection of L in a plane perpendicular to
the pipe axis, see Fig. 1,

¢ = Speed of sound in the fluid averaged along the chord D,

L. = The portion of the intertransducer center line lying in the flowing fluid,

® = Angle between the intertransducer center line and a line parallel to the pipe axis,

,, = Downstream transit time, from transducer 1 to 2,

ty, = Upstream transit time, from transducer 2 to 1.

‘We observe that both the flow velocity v and the speed of sound ¢ in the fluid are measured. Thus, the transit time
flow meter also provides information on a physical property of the fluid.

In practice the transducers are often set back, i.e. the actual distance between the transducers is larger than L ase.g.
shown in Fig. 1. Accordingly the measured transit times also incorporate the transit time in the cavity in front of
the transducers. However, it is easy 10 implement a procedure in the flow compater which allows the measurcd
transit time to be comrecied for the unwanted time delay in the transducer cavity. For low Mach number flows this
practical problem can also be solved as described in [7].

Volume flow measurement

By measuring along five different acoustic paths across the pipe, the gas volume flow can be measured accurately
even when the flow profile is distorted. Figure 2 illustrates the positioning of the ten ultrasonic transducers in the
FMU 700 ultrasonic gas-flow meter. The measured velocities v represent averages along the parallel chords shown
in Fig. 2,i.e. the acoustic transit time technique in facts integrates the velocity profile along the parallel chords. The
volume flow is given by
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T

q = | DyviyMdy @)
1

where

y = The axis across the pipe perpendicular to the chords,

D{y) = The length of a chord perpendicular to the y-axis,

v(y) = Axial flow velocity averaged along a chord D(y).

4 = The radius of the pipe.

The multi-path meter measures v along a limited number of chords and the integral in Eq.(4) can be approximated
by

g= I wy . &)
where
w, = Weight factors depending on the numerical integration technique applied in Eq. (5).

The geometrical configuration of the ultrasonic transducers, o the position of the parallel chords in Fig. 2, therefore
depends on the numerical integration technique which is applied.

‘Transducer 2
h
Flow v
> D=2r
i
//T ransducer 1
Figure 1 Tllustration of the principle of a single-path ultrasonic transit time flow meter.
TRANSDUCER POSITIONING
End view
A 8

man dot

6 9 7.5
Flow
—_—
1,3

A 0.24

Figure 2 Transducer positioning in the five-path FMU 700 ultrasonic gas-flow meter.
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3 SYSTEM DESCRIPTION q
General description

The flow meter measures volume flow, flow velocities and speed of sound averaged along parallel chords, see
Figs.1-2. Mass flow can be computed provided the density is made available to the flow compuier.

The FMU 700 five-path ultrasonic gas flow meter consists of, see Fig. 3 :

A cabinet containing a computer and an electronics unit,
Two signal cables and one optical cable,

Intrinsically safe clectronics,

10 titanium-housed ultrasonic transducers,

A flanged spool piece.

A secondary spool camrying temperature, pressure and density sensors, can be installed downstream of the flow
meter. If required, the signals from the secondary sensors can be received and converted to physical values by the
flow computer.

The flow computer can store all measured data and diagnostic parameters and wransfer the information on digital ‘
format to0 an external computer via a series communication link (RS232).

Specifications

The following design specifications apply :

Diameter range :>6"

Operational temperature range :-10 +70 °C,
Pressure range : 5 to 200 bar,
Velocity range : 04 1o 20 mjs,
Velocity resolution (127) : < 1L.4mm/s,

Volume flow sampling frequency : appr. 10 Hz,

The design temperature range for the pipe work, e.g. 46 0 +105 °C, will normally exceed the operational
temperature range. However the flow meter spool will comply with the requirements set for the pipe work. But as
yet, the flow meter is not designed to operate over the entire pipe work design temperature range.

At K-Lab the flow meter was tested down to 20 bar and no change of the flow meter performance were observed. ‘
This indicates that the pressure range can be exiended below 50 bar.

Installation requirements

The flow meter was designed to operate with 10D of straight pipe upstream of the meter spool and 3D straight pipe
downstream of the meter spool. The total installation length amounits to appr. 16D. The total installation length does
not change if the 3D downstream spool is equipped with a thermowell or an intrusive densitometer, i.e. if the

downstream spool acts as a secondary spool.

For a bi-directional installation, the total installation length will be 23D without a secondary spocl and 26D with
a secondary spool.

The tesis at K-Lab indicate that downstream of a 90° bend, the upstream length may be reduced to 5D. In this case
the installation lengths reduce to 11D for an installation with a fixed flow direction. For a bi-directional installation
the total installation lengths may reduce to 13D(no secondary spool) and 16D(including secondary spool).
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Flow computer

mﬂowcunptmrisbasedonanindusuialPCwithkcybw'dandeolumphicssueen.Thempumcmunls
memmemammlmhmlﬁmemdmgmawsﬂmmlmmminﬁledm-ingd:e
conﬁgmaﬁonofthemetc:.lnmﬁonstothchamrdmsmdecmics&mmeﬂowcmnwtaismsminedvin
anopticalcablewensmtfastandwﬁablemsmissionofﬂwmnuolpammm.msmsorsigrmlsmu-anmﬁned
via two cables between the control room and the flow meter.

'Iheopemmmonlygawc&ssmﬂwfhwmpmabyspedfyhgtbecmeapasswmd.mdﬂwﬂowmpmer
progmmcnnonlybelmltedbyspecifyingﬂwmectpasswmimapmcﬁcdmeasmmemsimaﬁonmekeyboard
can be removed or Jocked to increase the security. Further, the flow computer operation will be made independent
ot'theharddiskbyswringallmnsinROM.lftheharddiskfailsﬂﬁswillnolinﬂuencememeterpm'formance.

The computer initiates the transmission of ultrasonic pulses and then reads a representation of the received pulse into
the computer’s memory in real time. In a measurement cycke cach of the 10 transducers act once as a transmitter
and once as a receiver and 10 pulse representations are recorded during the cycle. Based on the 10 recorded pulses,
10 transit times are computed representing a single sample of the volume flow. When volume flow samples have
been acquired over a user specified time interval, 10 mean times-of-flight are computed in software from the
individual transit times recorded during the interval.

From the 10 calculated times-of-flight the flow velocities and speed of sound along each of the five acoustic paths
are calculated. The volume flow is calculated by integrating the flow velocities across the pipe profile. The mean
flow velocity in the pipe, mass flow, total volume and mass are then calculated along with statistical data. Readings
are displayed on the computer screen and are sent in digital format to e.g. the computer in the fiscal measurement
station.

There is no additional microprocessor in the system except for the standard processor installed in the PC.
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Figure 3 The FMU 700 ultrasonic gas-flow meter.
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4 FLOW METER PERFORMANCE

4.1 Calibration tests

Test procedure

During the tests, the gas density in the test section was calculated based on measured pressure, temperature and gas
composition (AGA 8). The mass flow was computed from the FMU-metered volume flow and the calculated density.
The FMU 700 was configured to average the volume flow, flow velocities and the speed of sound for each path over
a period of 10sec. The number of samples in a 10sec period is approximately 110. The flow meter readings were
continuously transmitted to the K-Lab computer on digital format.

The reference mass flow rate for a single comparison test was defined as a 300sec average reading of the nozzles,
and the FMU 10sec-readings were averaged over the same time interval, During each run the flow conditions were
kept as stable as possible,

At each velocity, at a given pressure, 5 or usually 3 comsecutive runs were made.

The temperature during the tests reported here varied between 36.7 and 37.9 °C. The velocity range was 0.4 o 8
m/s which is the maximum value in a 12" pipe at K-Lab, and the pressure was set t0 55, 70 or 100 bar. The flow
meter was tested 10D and 5D downstream of a 90° bend. The 3D long secondary spool was installed downstream
of the meser spool "flange to flange”, carrying a pressure sensor and a thermowell.

The uncertainty of the K-lab reference mass metering system is estimated by K-lab to be 0.3%.
Comparisons with sonic nozzles

The deviations between the K-Iab sonic-nozzle reference mass metering system and the FMU 700 are less than 0.8%
at gas velocities between 1 and 8 m/s, see Figure 4. These results were achieved with 10D straight inlet pipe
downstream of a 90° bend. Tests were also performed with the FMU 700 installed only 5D downstream a 90° bend.
At gas velocities between 2 and 8 m/s the measurement uncertainty is not changed despite the reduction in upstream
straight pipe length from 10D to 5D. From Figure 4 we can also see that the measurement uncertainty is independent
of pressure changes. In Fig. S the individual 300sec readings are plotted 10 give an impression of the repeatability
(2c-uncertainty) of the meter under test. As can be observed, the repeatability is satisfactory, see below.

The sonic nozzle readings were also converted o volume flow and compared with the volume flow measured by
the FMU meter. The observed variability of the FMU and nozzle readings were quite similar.

It should be noted that the test results referred to above, were achieved without using any calibration or meter factor
in the FMU 700 meter. The FMU 700 flow meter was zero-calibrated independently of the
K-1ab reference system and then installed at K-lab, see Section 6.

2-0 uncertainty

The 2-0 uncertainty is defined here as 20/(average reading) where o is the sample standard deviation of N flow
meter readings recorded in a given time interval where the flow rate is constant.

Ax important property of the FMU 700 flow meter is the stability of the flow meter, see Figure 5. During the tests
at K-lab it was demonstrated that the cbserved repeatability is comparable to a good turbine meter, which is
recognized as & very stable and repeatable flow meter,

Table 1 displays 3 different estimates for the 20-uncertainty of the FMU 700 during the tests at K-lab during a
period when the flow raie was particalarly stable. It is important to be aware of that the ultrasonic flow meter
measures the turbalent fluctuations of the flow and tarbulence will contribute to the 20-uncertainty together with
the contribution from the finite resolution of the transit time measurement. The 20-uncertainty will decrease when
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the time averaging interval increases because the average reading gets closer and closer to the true mean, and this
is also observed from Table 1', In Figure 6 some of the data in Table 1 are plotted.

Table 1 20-uncertainty for the FMU 700 based on 150 consecutive flow meter readings. The 150 readings represent
cither 10sec averages, 100sec moving average of 10sec readings or 300sec moving average of 10sec
readings. During the 1500sec time interval the flow conditions were kept as stable as possible. -

l 10D, 100 BarG, 2.5% Sonic nozzles. 0.394
|| 10D, 100 BarG, 6.25% Sonic nozzles. 0.986
10D, 100 BarG, 13.75% Sonic nozzles. 2.168 0.281% 0.074% 0.041%
10D, 100 BarG, 27.5% Sonic nozzles. 4321 0237% 0.062% 0.034%
10D, 100 BarG, 50% Sonic nozzles. 71.736 0.204% 0.061% 0.023%
I 10D, 70 BarG, 2.5% Sonic nozzles. 0.39%4 0.695% 0.178% 0.091% ||
10D, 70 BarG, 6.25% Sonic nozzles. 0.997 0.447% 0.132% 0.071%
10D, 70 BarG, 13.75% Sonic nozzles. 2.192 0.301% 0.096% 0.048%
10D, 70 BarG, 27.5% Sonic nozzles. 4355 0212% 0.068% 0.020%
. 10D, 70 BarG, 50% Sonic nozzles. ____'1.811 0.206% 0.070% 0.027%
" 10D, 55 BarG, 2.5% Sonic nozzles. _—0.398 0.571% 0212% 0.106%
" 10D, 55 BarG, 6.25% Sonic nozzles. 1.009 0458% 0.207% 0.074%
10D, 55 BarG, 13.75% Sonic nozzles. 2.216 0.335% 0.107% 0.061%
10D, 55 BarG, 27.5% Sonic nozzles. 4.400 0218% 0.065% 0.026%
I 10D, 55 BarG, 50% Sonic nozzles. 7.890 _0.186% 0.051% 0.016%
I 3D, 100 BarG, 2.5% Sonic nozzles. 0.384 _0.773% 0.206% 0.102%
l 5D, 100 BarG, 6.25% Sonic nozzles. 0.981 0.762% 0234% 0.132%
5D, 100 BarG, 13.75% Sonic nozzles. 2.168 - 0597% 0.172% 0.083%
5D, 100 BarG, 27.5% Sonic nozzles. 4313 0487% 0.093% 0.043%
L 5D, 100 BarG, 50% Sonic nozzles. 7.723 0.445% 0.152% 0.101%

! Accordingly, a comparison of the 2c-uncertainty between various flow meters is only meaningful if the
averaging intervals are similar for the various meters,
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Figure 5 Calibration test results at K-lab for FMU 700. 10D and 5D measurements which indicate the good

repeatability of the meter.
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FMU 700, 37 DegrC, 300 sec. moving average
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Figure 6 Estimates of the 2a-uncertainty of the FMU 700 during the tests at K-lab. The 2o-uncertainty

displayed here is based on a 300sec moving average of the 10sec average flow meter readings. At
K-Lab each comparison between the FMU 700 and the reference nozzles was based on an average
reading over 300sec.

Conclusion, K-Lab test

The results show that it is quite feasible to build a very compact and Light metering station compared to conventional
solutions and at the same time comply with the requirements set to fiscal metering stations.

42 Flow analysis

The flexibility of the flow meter may be utilized by e.g. calibration laboratories to monitor the flow conditions as
shown in the following. In view of the good repeatability of the flow meter, it should also be fully possible to use
it as a reference flow meter in calibration loops.

Dnﬁngcominuwsmeta'ing.measm'eddalncanbestmdinaﬁlcbygivinganappopriawcommmd.Simﬂaﬂy.
lhesyslcmcanbesetwmeasmeonlyasinglepmh.fawct,tmubleshootingorcah'braﬁonpmpos&s.&meddma
canbemedtoexamimeuliersa‘iwofmensmunmtsbyfetchingdamfromﬁleanddisplayingthanmmesam.
'l'hisenablathcopaatouoscanmpidlymmughﬂleda!awinmstingareasofthemeasuremmseries.

P’:gm?isanexampleofsmhaaoredﬁmcsaiwﬁmmetwsmK-lab.whcmanmmﬁngpmhasbemplwcd
showing mean flow velocity and velocitics along each of the five acoustic paths around an abrupt change of the flow
velocity. In Figure 8 the same incident is shown for the speed of sound along each of the five acoustic paths. The
meanﬂowvelocitytmdthespeedofsomdalmgoneofﬂleacousticpamsmplouedonwpofmanotherin
ﬁgm9mahwﬂwsﬁnuhamouschangehbo&measmedvalues.1hisevemalsoillustrmw:hcﬂowmeter
response the ability to resolve rapid changes of the flow rate.

In Figure 10 another part of the time series is plotied showing the turbulent fluctuation in mean flow velocity and
velocities along each of the five acoustic paths at a constant flow rate. Notice how the flow velocities along the
acoustic paths closest to the pipe wall, 0-9 and 4-5, display the highest turbulent fluctuation and how the fluctuations
appear to inversely comrelate. The same is the case for the mid-paths, 1-8 and 3-6, but with less turbulent fluctuation.
The center path is less influenced by turbulence while the calculated mean flow velocity is almost constant. Another
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interesting observation is that the turbulent fluciuation along two paths on the same side of the center path, f. ex.
0-9 and 1-8, also inversely correlate while the turbulent fluctuation along two asymmetric paths on different sides
of the center paih, e.g. paths 0-9 and 3-6, correlate. This correlation and inverse correlation effect between the
turbulent fluctuations along different acoustic paths is easier seen in Figure 11. It shows an extract of the time series
from Figure 10, with the {low velocity along the five paths plotted as a profile, with time as parameter.

In Figure 12lhesameparloftheﬁmseriesash!ﬁmmisplonedshowinguwﬂucumﬁonofmespeedofsounr.l
along each of the five acoustic paths. No rapid fluctuations of the speed of sound are observed. The slow overall
fluctuation ofthespeedofsoumdis;mbablyductoﬂlercgulaﬁonsymm the centrifugal compressor circulating
the gas around the loop at K-lab.

During test metering, the received ultrasonic pulse representations can be stored in file. Due to the large amount of
daia that 8 single ultrasonic pulse represents, only short ime series can be stored. The stored ultrasonic pulses can
be examined later by a separate program which ¢.g. can produce various plots of single pulses as shown in Fig. 13
and time series of computed times-of-flight as shown in Fig. 14. Individual pulses and transit times can also be
valuable tools for analyzing various flow phenomena.

Analyses as described above can provide information on the meter performance and the flow conditions.

FMU 709, 10D, 100 Bar, 37 DegrC
Natural Gas
5.0 K-LAB 1992
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1)

A L I i & 3 3
L —r—rTr-rryrrry T T

-
|

2100 2200 2300 2400 2500 2600 2700 2800 2900 3000
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Figure 7 Tests at K-lab. Showing mean flow velocity and velocities along each of the five acoustic paths

around an abrupt change in flow velocity.
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FMU 700, 10D, 100 Bar, 37 DegrC
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Figure 8 Tests at K-lab. Showing speed of sound along each of the five acoustic paths around the abrupt
change of the flow velocity displayed in Fig.7.
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Figure 9 Tests at K-lab. The mean flow velocity and the speed of sound along one of the acoustic paths are

plotted on top of one another to show the simultaneous change of both measured values.
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FMU 700, 10D, 100 Bar, 37 DegrC
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Figure 10 Tests at K-1ab. Showing the trbulent fluctuation in mean flow velocity and velocities along ¢ach
of the five acoustic paths at a constant flow rate. Notice the cosrelation and inverse correlation
efiect between the turbulent fluctuations along different acoustic paths.

FMU 700, 10D, 100 Bar, 37 DegrC
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Figure 11 Tests at K-lab, Showing an extract of the time series from Figure 10, with the flow velocity along

the five paths plotted as & profile, with time as parameter. Notice the correlation and inverse
correlation effect between the turbulent fluctuations along different acoustic paths.
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FMU 700, 10D, 100 Bar, 37 DegrC
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Figure 12 Tests at K-lab, Showing the fluctuations of the speed of sound along each of the five acoustic
paths,
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Figure 13 Tests at K-lab. Received ultrasonic pulse representation showing peak amplitude and negative

going zero-crossing time for each period of the received pulse.
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Figure 14 Tests at K-lab. Time series and distribution of computed times-of-flight for a single path at 8 m/s.

S SPECIAL FEATURES

In the following we will highlight some of the technical achievements which are of particular importance to the
users. Particularly the FMU 700 features :

Titanfum boused ultrasonic transducers which eliminates the risk of gas penetration into the transducer and
subsequent transducer failure.

Automatic gain control keeping the amplitude of the received ultrasonic pulses at a constant level. This makes
it possible for the flow meier to operale over a wide temperature, pressure and flow velocity range without any
manual adjustment of the electronics. If automatic gain control is lacking, the flow meter will cease to operate
if e.g. the pressure changes.

On-line measurement of transit time delay in cables and electronics is implemented and accounted for in the
transit Gme measurement. In most ultrasonic flow meters fixed values for these time delays must be implemented
in the flow computer and drift in the transit time delay will not be accounted for.

Software pulse detection eliminating electronics for pulse detection and making it possible to implement a signal
processing technique which is able 1o recognize pulses modulated by wrbulence effects, pressure and temperature
changes. Accordingly the flow meter reliability is improved.

The geometrical ammangement of the ultrasonic transducers and the comresponding integration technique, see Eq. (5),
was developed as result of extensive numerical simulations where various methods were investigated. Based on set
of 34 flow profiles an adaptive and robust integration method was developed particularly designed to integrate

asymmetric flow profiles.
The flow compuier concept, based on an industrial PC, has several advantages since this solution results in :
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A less complex flow meter electronics,

Easy access o flow meter raw data which makes service and lesting simple,
Simple procedures for upgrading flow computer software, ¢.g. diagnostic software,
Use of standard equipment which is under continuous technological improvement,
A computer environment most operators are familiar with.

The technical solutions implemented in the FMU 700 flow meter, thus represent a general improvement of the
ultrasonic flow meter technology and will belp to improve the flow meter reliability,

6 PROVING

An important aspect of the introduction of multi-path ultrasonic flow meters for fisca! or allocation measurement
of gas, is the proving procedure for the meter. In the following we will discuss some possibilities and propose a
practical solution as to how proving can be carried out.

The following procedure is suggested for proving of a multi-path meter in a fiscal metering station :

Zerg calibration of flow meter when delivered from manufacturer,

Flow calibration prior to installation in the metering station.

Use of the flow meter’s self diagnostic properties to indicate if and when zero calibration should be repeated.
On-site zero calibration of individual transducer pairs which are removed from the pipe line and installed in a
Zero calibration cell.

b e

In addition to the above items it is fully possible to increase the redundancy by installing two meters in series. Since
the flow meters are non intrusive they can be installed close to each other, potentially "flange to flange”.

In the following we will describe the proposed procedure with reference to the experimental experience gained
during the testing of the FMU 700.

6.1 Zero calibration

The basic measured parameler is the acoustic transit time in the flowing gas, see Eq.(2). However, the measured
transit times also contain the transit times in the acoustic transducers and the accompanying electronics. Thas, the
measured transit time must be corrected for these time delays. It is of particular importance to ensure that the flow
meter reading is zero when the gas it at rest, Le. the transit times in the gas in each direction along the same path
must be identical at zero flow. It is easy to measure the transit time difference accurately. But, the absolute time
delay is more difficult to measure. Accordingly the transit time difference at zerc flow is measured precisely and
the less accurate measurement of the absolute time delays are adjusted to secure zero measured flow in a gas at rest.

When the time delays and the transit time differences have been measured they are stored in the flow computer.
During flow meter operation, the measured transit times are corrected prior to calculation of the flow velocity by

Eq.2).

The FMU 700 was zero calibrated by pressurizing the spool piece using nitrogen. Before pressurizing the spool
piece, the distances between the acoustic transducers were measured with an uncertainty of 0.04mm. To ensure stable
conditions, i.e. no thermal flows, the pressurized spool piece was kept in a temperature bath during calibration. The
transit times were then measured over the pressure and temperature range in question. Based on the transit times,
the transit time difference corrections were calculated. Using the measured transducer distances, comrected for thermal
expansion, the time delays and the speed of sound in the gas were calculated. For control purposes the measured
speed of sound was compared 1o calculated values using the [IUPAC-tables{5]. The deviations between the measured
and the calculated values were less than 0.5 m/s, ie. 0.15%. The measured “zero calibration times” were
subsequently stored in the configuration file of the flow computer,

At present we are working on a new method for zero calibration which may represent a significant improvement
and simplification of the above procedure. The new method will soon to be tested at CMR.
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6.2 Flow calibration

The zero calibration ensures that the inherent offset in the measured transit times can be accounted for when
calculating the velocity using Eq.(2). This offset is independent of the flow velocity. Due (o the simple relationship
between the flow velocity and the transit times given by Eq.(2). where calibration constants are not required, it
should not be necessary to carry out a flow calibration. When the transit times are measured carrectly, Eq.(2) will
provide the flow velocity without the use of additional calibration constants.

As described above the FMU 700 was zexo calibrated on nitrogen prior to transportation and installation at K-Lab.
The acoustic transducers were not removed from the spool piece afier zero calibration. The meter was zero calibraied
at 37 °C (normal operating temperature at K-Lab) and thea transporied to K-Lab. During the transporation the meter
wasexposedmmmmnnesmme‘Candd:eninstaﬂede-[abuﬂwmdmmS?‘Cagain.Dmingthe
test period the meter was exposed to temperature cycling between normal operating temperature and ambient
temperature (0 *C) on several occasions. The observed deviations shown i Fig. 4 were obtained without any
adjustment of the flow meter after zero calibration at CMR. The meter was simply installed and the tests begun. It
is of considerable practical importance to notice that the zero calibration was carried out without the long signal
cables (approx. 130m) which were used at K-Lab. This is possible because the FMU 700 featares on-line
measurement of the transit time delay in signal cables, safe area electronics and parts of the intrinsically safe
electronics.

During the test period we did not observe any detectable drift in the zero calibration. This verifies that it is not
necessary (o carry out a flow calibration if the meter is properly zero calibrated.

However, for fiscal purposes it is likely to assume that a flow calibration will be required.
63 Self diagnostics

Ulrrasonic flow meters offer the possibility to monitor the flow meter performance to a certain extent. This can be
utilized both as an indicator of when proving is necessary and to reduce the work load connected to inspection and
maintenance. If an abnormal situation occurs a message will be written (0 the system log in the flow computer and/or
a wamning can be given to the operator depending on the nature of the detected error.

In the FMU 700 meter the following meter performance parameters can be monitored continuously :

- Comparisons of the measured speed of sound along the five acoustic paths,
- Transducer failure,

- Transit time ervor,

- Frequency modulation of pulse,

- Failure to recognize received puise,

- Measured versus calculated speed of sound,

- Standard deviation of the speed of sound measurements,

- Standard deviation of the flow measurement.

Based on the above diagnostic parameters unltrasonic flow meters can detect meter malfunctioning and give the
operator a waming in contrast 10 e.g. an orifice meter where it is nearly impossible to detect a change in the meter
perfarmance.

Comparisons of sound speeds

If the pmpaﬁcsofmemxsﬁcmwmu'smtheelewmicschangewimlimethismayleadtoadriﬁinmewo
calibration, and the flow meter uncenzinty is likely to increase. It is particularly important to avoid drifi in the
measured transit time difference in Eq.(2). Drift in the absolute transit times is far less important.

In a multi-path meter the speed of sound in the gas is measured for each path. If the pipeline is properly insulated,

the temperature difference between the area ciose to the pipe wall and the central portion of the pipe will be very
small (if any). Consequently the speed of sound will be constant across the pipe section and the measured speed of

-
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sound along the paths should be equal. For very low flow velocities and large temperature difference between the
gas and the surroundings, a small temperature gradient may be present. This was in fact observed at K-Lab.

During the K-Lab tests, the difference between the maximum and the minimum values of the measured speed of
sounds were typically less than 0.07 m/s, (0.01%), even during abrupt changes of the flow velocity, see Figs. 8 and
12, This difference is due to the measurement uncertainty of the transit times (not the transit time differences) or
inhomogeneities in the flow.

If this difference exceeds 0.1m/s, i.e. a change of 0.04m/s, this may represent a drift in the transit time difference
measurement of 100ns. At 5m/s a 100ns drift corresponds to a shift in the calibration of the meter of around 1%.
Thus, there is a potential for detecting a change in the calibration of the meter by continuously monitoring the
difference of the measured sound speeds.

However, the speed of sound is proportional to the sum of the transit times and not the transit time difference.
Accordingly, changes in the measured speed of sound can also occur even if the transit time difference is unaffected.
At CMR more work will be undertaken to establish a procedure for using the speed of sound difference as a
diagnostic parameter.

Measured speed of sound versus calculated

Based on measured temperature and pressure and a specified gas composition, the speed of sound can be calculaied.
Comparing the measured and calculated speed of sound, can be used as a rough, but independent, check of the transit
time measurements.

Transducer failure

If one of the acoustic transducers fail and is unable 0 emit or receive an acoustic pulse, this will be detected
immediately and a proper waming will be given. If a transducer pair drops out, the flow meter is still able to
measure the flow by using the transducer pairs in operation to estimate the velocity along the path which has
dropped out.

Nonphysical transit times

Nonphysical transit times, i.e. transit times which cannot occur based on the known distance between the acoustic
transducers and known upper and lower limits for the speed of sound, will never be measured due to the time gating
system incorporated in the flow meter.

Pulse recognition

The percentage of pulses recognized by the flow computer is monitored continuously and will be stored in the
system log. Normally 100 % of the pulses are recognized by the flow computer. During transducer malfunctioning,
heavy turbulence, electric or acoustic noise, the percentage of pulses accepied may be low and a waming will be
given.

Pulse frequency check

Every accepted pulse is checked for "period error”, ie. if for some reason a pulse period is missing. If a "period
error” is found the pulse is rejected.

The frequency content of every recognized pulse is checked and strict limits are set for the allowed variation of the
pulse frequency around the known frequency of the emitted pulse in order to ensure a high-quality transit time
measurement. If these limits are violated the pulse is rejected and the number of rejected pulses is monitored and
will be stored in the system log. If the number of rejected pulses is high, a proper wamning will be given.
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Filtering

When the transit times have been computed a filtering algorithm checks the measured set of transit times for outliers.
This filtering is based on the measured transit time distributions. Transit times lying outside the allowed spreading
are discarded from the data set which is used when calculating the flow velocity.

Standard deviation

The standard deviation of the measured flow velocity and the measured speed of sound are calculated for each path,
see Figure 6. The standard deviation can be used as a meter performance parameter as well as an indicator of the

stability of the flow.
6.4 On-site zero calibration

Ideally, it should be possible to camry out zero-calibration of the flow meter on-line, i.c. when the meter is installed
in the pipe line. This implies that the flow must be bypassed and it must be possible to keep the gas in the spool
piece at absolute rest at a constant temperature. In a practical measurement situation this is not easily obtained.
However, "in-line” zero calibration may be a future possibility.

On-site zero calibration can ¢.g. be carried by:

By removing the meter from the pipe line and installing the spool in a zero calibration facility. This requires the
flow to be bypassed in addition to the mechanical work needed to remove the meter spool.

By removing a single transducer pair and the corresponding electronics and carry out zero calibration of only
one transducer pair at a time in a special zero calibration facility. In this case it is not necessary to bypass the
flow and the meter will be able to operate at a slightly reduced uncertainty.

The latter method is by far the best method from an operational point of view. The acoustic transducers can be
removed from the pressurized pipe line either by installing permanent ball valves at each transducer port or by using
an extractor tool which can be moved from one transducer port to another. Both techniques are being considered
for the FMU 700.

The zero calibration facility will be a pressure cell which should be immersed in a temperature bath and pressurized
with nitrogen. Ideally the cell should resemblance the meter spool as much as possible. This is important in order
to ensure that the sound diffraction effects in the flow meter and in the calibration cell are as similar as possible.
This may be of importance for the measurement of the transit time delay. After zero calibration the transducers and
the electronics are reinstalled, and the transit time delays in the flow computer are changed if necessary.

In order for such a procedure to work it is important that the distance between the transducers is unaffected by the
dismounting and reinstallation of the transducers. At CMR the distance between the transducers was measured before
the sensors were removed and after they had been reinstalled. The distance did not change more than 0.03mm , and
this is well below the acceptable limit, ie. 0.1mm.

Since the FMU 700 measures transit time delay in signal cables, safe area electronics and the intrinsically safe
electronics on-line, this zero calibration method is particularly attractive for this meter.

7 CONCLUSIONS

A new multi-path ultrasonic flow meter for gas has been developed and tested on natural gas.

The development has contributed to major technical achievements within the ultrasonic gas flow meter technology
such as titanium housed ultrasonic transducers, automatic gain control, software pulse detection and on-line

measurement of transit time delay in electronics and signal cables. These achievements represent a significant
improvement of the flow meter reliability.
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The test results show that it is quite feasible to build a very compact and light metering station compared to
conventional solutions and at the same time comply with the requirements set to fiscal metering stations.
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