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1 INTRODUCTION 
 
CNR International (UK) Ltd (CNRI) have operated the Banff oil field in Blocks 22/27a and 
29/2a of the North Sea UK Continental shelf since 2003 by producing the hydrocarbons over 
the Teekay operated Banff  FPSO.  In 2004, CNRI tied back its Kyle oil field in block 29/2c to 
the Teekay Banff FPSO which resulted in a number of required changes and additions to the 
measurement systems on board.  One of these modifications was the installation of a new 
‘fiscal’ quality gas measurement system to replace the previous four stream 4”nb orifice plate 
gas export skid.  The new skid was required due to the increased overall gas flowrates from 
the additional Kyle field production, plus CNRI wished to give itself options regarding how its 
produced gas could be utilised.  As well as the option to continue exporting gas to the BP 
operated CATS gas pipeline, there was also a requirement to introduce a route for gas re-
injection into the Banff field and the provision of gas lift for a number of key wells.  This paper 
describes this new system methodology for operation and field experience with these small 
bore ultrasonic meters used in a high accuracy application. 
 
 
2 METERING STATION DESIGN AND OPERATION 
 
The new system features two 4”nb Instromet Q-Sonic 3S flowmeters constructed from duplex 
stainless steel.  The meters are installed in a ‘Z-arrangement’ which has been utilised in other 
geographic sectors [1], while it is relatively uncommon in the UK offshore sector with the 
Dawn system previously reported at the NSFMW being an exception [2]. 

 
Figure 1 Banff Export / Injection Metering Schematic Diagram 

 
The system allows the gas to be routed to export, re-injection (including gas lift) or both whilst 
also offering the possibility of placing the two meters ‘in-series’ to allow in situ verification. 
 
The flow meters are installed in the field with 21.8D of straight upstream pipework and 5.8D 
downstream, in keeping with the recommendations of BS 7965:2000 [3].  The option of 
utilising a flow conditioner with shorter upstream lengths was discounted to maximise the 
effect of the compression system.  Ultrasonic flowmeters were selected for this application for 
two main reasons.  Firstly the negligible pressure loss through the meter allows the complete 
range of expected flow rates to be covered by the two stream system at 4”nb.  This was a key 
parameter as the Banff FPSO is much smaller than most FPSO vessels and the only place 
that the new system could be located was on its turret. A system requiring additional metering 
streams could not be accommodated in the limited available space.  The design flowrates 
were 0.1427 to 2.41 MSm3/day at between 160 and 200 barg.  Actual volumetric flowrates 
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are between 550 and 600 m3/hr compared to the nominal meter maximum of 650m3/hr.  
Secondly, CNRI had to gain permission from BP to allow the installation of a new meter type 
other than orifice plates for export into the pipeline.  The BP CATS pipeline entrant 
requirements had up to this point in time required orifice plate flowmeters due to their wide 
ranging standard acceptance in the industry.  Unfortunately the flow rate scenarios expected 
during future production could not be accommodated with orifice plate meters owing to the 
space required for a suitable system not being available.  Other meter options were 
considered for example Venturi meters and Coriolis meters but the ultrasonic meter was 
overwhelmingly the best option.  For example Venturi meters can be unpredictable in their 
response as has been reported at the NSFMW before [4] and Coriolis type flowmeters for 
high accuracy gas applications were only just emerging as an accepted technology at that 
point in time.  Ultrasonic flowmeters had, by 2004, been installed successfully in a number of 
locations offshore in many international sectors and were therefore the logical choice for this 
application. 
 

 
Figure 2 Turret Metering Station 

 
One aspect that CNRI were required to demonstrate was that the meters could be verified 
adequately.  This was key for the acceptance of the system.  So as well as the provision of 
verification in the field by routing the two meters in series, a complete spare meter stream 
was also provided to allow either the export stream or the re-injection stream to be removed 
and sent for re-calibration.  Each meter stream comes complete with dedicated upstream and 
downstream pipe work spools so that the streams can be calibrated as one unit to remove 
additional measurement uncertainty from the removal and re-application of the meter spools 
at installation.  The meters have been periodically calibrated at PIGSAR in Germany since 
July 2004.  Finally monitoring through the analysis of the diagnostic capability of the Instromet 
meters gives added confidence and also helps to identify early any problems that may occur. 
 
As any of the three meters can be installed in either the export or injection lines, the meters 
are identified by serial number in this paper.  The meter serial numbers are 2901, 2902 and 
2903. 
 
 
3 METER VERIFICATION PROCEDURES 
 
Banff was the first producer to use ultrasonic meters for fiscal export measurement to the 
CAT’s pipeline.  It was therefore to be expected that CAT’s would require tight verification 
procedures to ensure that the measurement uncertainty was maintained at the required level.  
The verification procedures are based on regular laboratory calibration, in-service series line 
checks and monitoring of the meters diagnostics.  The following describes in detail the 
verification procedures employed. 
 
3.1 Laboratory Calibration 
 
Prior to start-up and at regular intervals during their operation the Banff export and injection 
meters have been flow calibrated at PIGSAR in Germany.  Three meters were purchased to 
allow onshore calibrations whilst still maintaining full operational capability.  Initially CAT’s 
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required re-calibrations on a 3 monthly basis.  Hence a major effort was launched to calibrate 
the meters as often as possible with the result that each meter has now been calibrated 4 
times (12 calibrations in total) in 4 years.  Achieving this level of re-calibration has not been 
easy due to the basic logistics of transporting the meters, and the availability of the calibration 
facility.  Transport to and from the FPSO in bad weather can easily delay transport schedules 
resulting in the meter missing its calibration slot which often have to be booked three to four 
months in advance.  In winter, bad weather can stop transport for several weeks and when 
weather windows do appear these may only last for a few hours.  With transportation there is 
also a risk of damage to the meter which leads to delays whilst repairs are carried out. 
 
Following the presentation of satisfactory meter verification data including laboratory 

calibration results, series line checks and 
diagnostic data, CAT’s relaxed the re-
calibration period from 3 to 6 months in 
September 2007. 
 
Due to the small size of the meters there 
was a concern over the potential effect of 
misalignment between the meter and its 
upstream and downstream spools.  Any 
mis-alignment at the upstream spool 
creates a discontinuity in the pipe wall 
which will disturb the flow profile within the 
meter.  The effect of misalignment would 
be greater than normal due to the 
relatively small nominal bore of the meters.  
As the intention was to calibrate the 
meters on a regular basis this would 
require the regular removal and re-
installation of upstream and downstream 
spools thus increasing the risk of 
misalignment.  For this reason it was 
decided that the upstream and 
downstream spools should remain 
permanently attached to the meter.  This 
made transportation of the meter more 
difficult as the meter with spools attached 
measured over 3 metres.  However it was 
felt that the measurement risk justified the 
transport difficulties. 

 
Figure 3  Meter with Spools 

 
Calibrations are performed using natural gas at a nominal pressure of about 50 barg.  The 
meters are calibrated at 6 nominal flowrates over a 30:1 turndown ratio.  Each flow point 
comprised of the average of at least three test runs. 
 
Meter diagnostics are recorded during the calibration, these are used to confirm the health of 
the meter and as a reference with which to check the meter when operating in-service (see 
Section 3.3 for more details). 
 
The calibration results are entered into the metering station flowcomputers (Instromet 2000) 
where a correction is applied using linear interpolation between the calibration points.  No 
correction is applied to the meter head electronics.  This simplifies the process and makes 
the meter setup easier to audit. 
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3.2 Series Line Checks 
 
The metering station has been designed to allow the injection and export meters to be lined 
up in-series.  This enables the relative performance of the meters to be assessed during 
operation. 
 
The meters can be either lined up in-series for export to the CATS pipeline or for gas Injection 
/Lift on Banff and Kyle fields depending on operational requirements.  Since start-up of this 
system gas has mostly been fed to the Injection stream.  In order to reduce the potential for 
common mode errors the export stream has remained offline and isolated in between series 
line checks.  At most these checks take three or four hours per week.  In effect the export 
meter has operated, so far, very much like a master meter, with and the injection meter as the 
duty meter.  However, owing to the stringent requirements of the CATS pipeline, and the 
potential requirement for gas export at short notice should there be an issue with the re-
injection system, the export meter was given priority in terms of the hierarchy of the two 
meters. 
 
The series line check procedure begins with altering the valving so that the meters are in 
series.  The station is then left for a period to allow the temperatures to stabilise.  The test 
period then begins at the start of the hour and lasts for one reporting hour.  At the end of this 
period the accumulated mass flow totals for that hour are recorded and the discrepancy is 
calculated as follows: 
 

%100.Total
Total-TotalE

inj

expinj=  

 
Where   
 
E  Discrepancy between injection and export meters (%) 
Totalinj  Injection Meter accumulated 1 hour mass total (tonnes) 
Totalexp  Export Meter accumulated 1 hour mass total (tonnes) 
 
The checks use mass totals because the pressure drop between the meters is too great to 
use gross observed volume.  Hence the check not only compares the performance of the two 
meters but also includes the pressure and temperature measurements, and the flowcomputer 
calculations.  The only equipment which is common to the metering streams and hence is not 
monitored by this check are the gas chromatographs. 
 
Series line checks are normally performed once a week, also just prior to and just after a 
meter change-out.  The results are trended and limits which trigger further investigation have 
been set.  The limits are as follows; any discrepancy greater than ±1% or any change in 
discrepancy greater than 0.3% which is not related to a change-out of the meters. 
 
3.3 Diagnostics Monitoring 
 
The final verification technique is the monitoring of the meter diagnostics.  The meters can 
report various diagnostic parameters which can assist in the early detection of meter faults.  
The export and injection meter diagnostics are normally logged on a weekly basis during the 
series line checks using Instromet’s utility / diagnostic software application UNIFORM.  The 
logged data is averaged and then trended on a specifically developed health check 
spreadsheet.  The spreadsheet incorporates the health care limits as defined by Instromet [5].  
Any deviation out with these limits triggers further investigation.  Table 1 details the monitored 
diagnostics and the action limits set. 
 
The overall velocity of sound as measured by the meter is compared to the value calculated 
using the live gas chromatograph composition and the AGA8 equation of state.  An action 
limit of ±0.25% has been defined as this is the typical tolerance recommended [5].   
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Table 1 – Action Limits for Meter Diagnostics 
Diagnostic Action Limits ref [5] 
Velocity of Sound (AGA-8 comparison) ±0.25 % 
Velocity of Sound (VOS) Footprint > 0.1% shift 
VOS Footprint – (shift from Cal.) > ±0.1% 
Path Velocity Ratio (PVR) <0.97 or > 1.07 
Performance Level (all paths) < 60% *1 
AGCratio < 1 
Swirl Angle > ± 20 deg 

*1 for high flowrate operation 
 
The velocity of sound (VOS) ratios are monitored, the ratio of one path’s VOS to another, and 
one path to the average VOS are trended.  A full set of ratios is known as the meter’s VOS 
footprint.  The footprints are trended in two ways on the health check spreadsheet, Figure 4 
shows the trends for one meter.  The trend on the left details all of the meters’ VOS footprints, 
this is used to monitor long term trends, [5] recommends that individual ratios should not shift 
by more than 0.1% over time.  The trend on the right monitors the shift in VOS footprint from 
the meters’ most recent calibration.  A limit of ±0.1% is applied to this check.  As the VOS 
footprint does vary slightly with flowrate, the calibration footprint used in this check is taken 
from the test point closest to the expected operational flowrate. 
 

VOS Footprints
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Figure 4 VOS Footprint Monitoring 
 
The path velocity ratio is the name given to the ratio of the gas velocities measured on the 
axial path (2) to the average of the swirl paths (1 and 3).  [5] states that the ratio can vary with 
flow velocity,  however it recommends that in general the ratio should remain within the range 
0.99 to 1.07. 
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Figure 5 Path Velocity Ratio and Path Performance Monitoring 

 
The performance level is the percentage of ultrasonic pulses which are accepted by the 
meter’s electronics.  The performance level for each path is monitored.  [5] states that under 
normal circumstances the performance level should be greater than 90% however 60% is 
acceptable at higher flowrates.  Higher flowrates are not defined but seeing as the meters are 
operated close to the meters’ maximum flowrate for most of the time the 60% limit has been 
adopted. 
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The meter reports two parameters which are related to the automatic gain control (AGC) for 
each transducer, the AGClimit and the AGClevel.  As stated in [6], AGClevel is the pulse 
amplification factor, and AGClimit relates to the maximum amplification of the background 
noise.  The ratio of the two AGCratio correlates with the signal to noise ratio.  The minimum 
limit for AGCratio has been set to 1 as it is at this level at which [6] states that meters start to 
fail due to ultrasonic noise. 
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Figure 6 Signal to Noise Ratio and Swirl angle Monitoring 

 
Finally the swirl angle diagnostic monitors the difference in the gas velocities measured on 
the swirl paths (1 and 3), and converts this to an angle measurement.  As the name suggests 
a larger swirl angle indicates a greater amount of swirl in the flow profile.  Instromet advised 
that a swirl angle of less than 10 degrees would have no impact on the measurement, and 
that up to 20 degrees of swirl can be tolerated, hence an action limit of 20 degrees was set. 
 
 
4 INITIAL CALIBRATION ISSUES 
 
This section discusses issues regarding the initial calibration of meter 2903. 
 
In July 2004 prior to startup of the new metering system, the recently purchased meters were 
sent to PIGSAR for calibration.  Each meter was calibrated in flowline 1, with its own 20 D 
upstream spool plus additional connections which gave a total upstream straight length of 
22D, a CPA plate conditioned the flow at the entrance to the straight length.  The calibration 
results as shown by the solid symbols in Figure 7 were accepted by CNR and CATS as per 
the discussion given in Section 5.4 of this paper.   
 
Following the calibrations, during a pre-start-up audit it was noticed that the metrology 
certificate for meter 2903 implied its meter tube was tapered.  The diameter measurements 
were outside the variation allowed by BS 7965:2000.  This was an important issue because 
without conformance to the ultrasonic meter standards the meter would not meet the CATS 
requirements. 
 
Hence the meter was returned to Instromet for a quality review where the meters internal 
diameter was re-measured.  As a result Instromet confirmed that the meter was compliant 
with the standards and the certificate had been in error.  A new metrology certificate was 
issued stating the correct diameter.  The open symbols in Figure 7 show the meter 2903s 
July 2004 calibration results corrected for the revised internal diameter. 
 
However in order to re-measure the meter’s internal diameter the upstream and downstream 
pipework had to be removed.  Instromet indicated that removal of the spools would not have a 
significant effect on the calibration curve.  However the operators felt that due to the small 
bore, these meters would be more susceptible to mis-alignment than other larger meters.  
Hence, it was decided to re-calibrate the meter at PIGSAR. 
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Figure 7 Initial Meter Calibrations (inc.  2903 with corrected diameter) 

 
Meter 2903 was re-calibrated in May 2005 and surprisingly this calibration showed a shift of    
-0.5% when compared to its initial calibration of July 2004 (corrected for the internal 
diameter).  Meter 2903 calibrations are shown in Figure 11. For the re-calibration the meter 
had been installed in the recently built line 5 instead of line 1 where it had been tested in July 
2004.  Line 5 had a significantly longer upstream straight length, 45D compared to 22D in line 
1.   
 
Discussion took place between CNRI, PIGSAR and Instromet as to whether the change in 
flow profile between the 2 lines had caused the shift.  However, this seemed unlikely as both 
scenarios exceeded the 10D upstream straight length that was the manufacturer specification 
at that time.  Indeed, all parties had been satisfied with the line set-ups prior to the 
calibrations. 
 
If the profile was the issue then it would be reasonable to expect the same effect on the other 
meters as their initial calibrations were performed in identical manner to that of 2903 in line 1.  
However subsequent calibrations of the other meters (all subsequent calibration have been 
performed in line 5) did not show a similar shift and agreed well with the originals.  Whether 
this was because the effect did not exist or because the effect had been cancelled out by 
operational effects (meters 2901 and 2902 had been in operation for some time before they 
were re-calibrated) it is difficult to determine.  For example, the light coating seen on the 
meter internals could, in theory, have resulted in a positive shift which might have cancelled 
out the negative (profile) effect. 
 
To conclude it was not possible to identify what had happened to cause the different 
calibration responses for meter 2903.  There are too many variables and apparently 
conflicting evidence.  For example there are at least 3 possible causes; a)The meter was 
affected by the removal and installation of the adjacent spools, b)The meter was affected by 
the different flow profiles in line 1 and 5, c)Meter configuration was changed somehow.  
However the CNRI representatives don’t find any of these explanations satisfactory with the 
available information and evidence.   
 
In November 2005 meter 2903 was installed on the Banff for the first time. It was installed in 
the injection line using its May 2005 (line 5) calibration.  Figure 8 shows the almost 1% shift in 
series check results that corresponds to the installation of meter 2903.  The positive 
discrepancy indicates that the injection meter (2903) was reading more than the export meter.  
This is a result of 2903 using its May 2005 calibration.  Had the July 2004 calibration been 
used instead the shift would have been reduced by more than half, meaning that the series 
checks would have remained within the ±1% action limit. 
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Figure 8 Series line check results showing shift on first installation of meter 2903 

 
Since then 2903 has been successfully calibrated in line 5 at PIGSAR twice, each time the 
meter has returned to operation on the Banff FPSO with a minimal shift in series line check 
results. 
 
To avoid and identify any future splitting of the adjacent spools from the meter, lead seals 
have been applied to all three meter streams.  The experience also identified the requirement 
to witness calibrations in order to take action should unexplained calibration shifts occur. 
 
 
5 METER CALIBRATION HISTORY 
 
This section reviews the calibration history of the ultrasonic meters, as it developed after the 
initial calibration issues described in the previous section. 
 
5.1 Meter 2901 
 
At start-up of the turret metering system in 2004 meter 2901 was installed in the injection line, 
using its initial calibration (July 2004).  All of the 2901’s calibrations are shown in Figure 9.  It 
operated in the injection line until November 2005 when it was removed for its first re-
calibration (Nov. 2005).  The re-calibration showed that the meter had retained its linear 
response and had only shifted slightly in the positive direction from its initial calibration.  The 
shift in flow weighted average (FWA) was only just over 0.1%. 
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Figure 9 Meter Serial No. 2901 Calibrations 
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Following the calibration the meter was shipped to the Banff FPSO however it was not 
installed as it sustained some damage to one of its transducers connections in transit (see 
Section 8 for more details).  Hence the meter was returned to Instromet for repair and then to 
PIGSAR for a further re-calibration.  This re-calibration (Aug. 2006) showed the meters 
response to have shifted in the negative direction, the shift in FWA was -0.25%.  The meter 
was then returned to Banff where it was installed in the export line. 
 
After a short period in the export line a fault was diagnosed on path one of the meter (see 
Section 7).  The meter was again returned to Instromet for inspection, where a transducer on 
path 1 was found to be faulty.  Following replacement of the transducer pair the meter was 
once again returned for re-calibration (March 2007).  This showed the meters response 
(FWA) to have shifted by -0.32% from the previous calibration (August 2006).  The meter was 
then returned to the export line. 
 
The calibrations of meter 2901 have shown the meter to have a very linear response, and 
reproducibility has been good considering the transducer replacements.  It is interesting to 
note however that between the November 2005 and August 2006 calibrations the only 
change to the meter was the replacement of the path 1 transducers, the meter was not 
installed on the Banff.  This indicates that the shift in FWA of -0.25% was due to the 
transducer replacement.  This confirms that re-calibration following replacement of 
transducers IS required for the fiscal applications of these meters. 
 
5.2 Meter 2902 
 
At start-up meter 2902 was installed in the export line, using its initial calibration (July 2004).  
All of the 2902’s calibrations are shown in Figure 10.  It operated in the export line until 
August 2006 when it was removed for it first re-calibration (Oct. 2006).  The re-calibration 
showed the meters response to have changed very little except at the 260 m3/hr test point , 
where a shift of 0.48% was recorded.   
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Figure 10 Meter Serial No. 2902 Calibrations 

 
The meter was returned to the export line where it remained until April 2007 when it was 
removed for its second re-calibration (July 2007), following the calibration it was observed 
that the meter spool and its upstream and downstream straight lengths were slightly out of 
alignment (estimated at 1 - 2mm).  It is not known how this misalignment occurred. It may 
explain the larger than expected shift in response seen in the July 2007 calibration.  The shift 
in FWA was +0.45%.  The meter was returned to the export line, where it remained until 
March 08 when it was sent for its third re-calibration (July 2008).  This generated a very 
reproducible response from the previous calibration apart from the 130m3/hr test point, where 
a shift of 0.45% was noted.  This result seems quite similar to that noted between the July 04 
and Oct 06 calibrations at the 260 m3/hr test point.   
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Meter 2902 has been used exclusively in the export line, hence it has had minimal throughput 
whilst in-service.  It has remained linear, with generally good reproducibility, the slightly larger 
than expected shift between 2nd and 3rd calibrations may be due to meter misalignment with 
its upstream spool.  
 
5.3 Meter 2903  
 
Meter 2903 was installed in the injection line in November 2005 using its May 2005 
calibration.  Since then it has been re-calibrated twice in January and December 2007 and 
until March 2008 the meter had been used exclusively in the injection stream.  These 2007 
re-calibrations have indicated a very similar response which are quite different (approx. 1% in 
FWA) from the May 2005 calibration. 
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Figure 11 Meter Serial No. 2903 Calibrations 

 
Meter 2903’s last two calibrations have shown excellent reproducibility between which the 
meter has operated at near its maximum flowrate for a period of over 6 months. 
 
5.4 General Calibration Observations 
 
The criteria for acceptance of ultrasonic meters are contained within the standards AGA9 [7] 
and BS7965 [3].  In particular with reference to these meters the criteria state that 
 
1 Small meter (< 12” NB) maximum error limit ±1% for flowrates of 10%max and above. 
 
2 Maximum peak to peak error (difference between maximum error and minimum error) 

0.7% for flowrates of 10% max and above. 
 
Strict adherence to these criteria would have resulted in rejection of all meter 2901s 
calibrations apart from the latest as the calibration curves were above the 1% maximum limit.  
Also the initial calibrations of meters 2902 and 2903 just exceeded the maximum peak to 
peak error of 0.7% for flowrates of 10% of max and above. 
 
However these meter calibrations were accepted by CNRI and CATS for the following 
reasons.  Firstly while 2901 is out with the ±1% criterion, the linearity of the meter has been 
excellent and an application of suitable meter factors would provide a very accurate meter.  
For 2902 and 2903 the peak to peak failures were at the lower half of the flow range (i.e. out 
with the FPSO’s normal operating range) and in the experience of the authors, peak to peaks 
in small bore ultrasonic flowmeters exceeding 0.7% by small amounts are not uncommon.  It 
is interesting to note that over time these meters have actually improved in linearity, see 
Figure 12.  Following the experience gained with these meters, it is the authors’ opinion that 
strict application of the criteria in AGA 9 and BS 7965 may be too onerous for small bore 
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meters (4” nb for example) and a slight relaxation may be appropriate to avoid rejection of 
otherwise satisfactory and effective meters.  
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Figure 12 Meter peak to peak error (Left 10 to 100%, Right 20 to 100% of max flowrate) 

 
Assessing meter reproducibility has been complicated by issues encountered throughout the 
operation of the metering station.  Change out of transducers due to faults or transport 
damage invalidates the assessment of reproducibility because the physical meter has been 
modified.  Mis-alignment of the upstream spool is again a physical change of the metering 
package and doubts over a calibration means that reproducibility is again queried.  
 
Figure 13 shows the flow weighted average errors for all of the calibrations performed on all 
of the meters to date.  Calibrations which are discounted for reproducibility are shown with 
open symbols and dashed connecting lines.  The last two calibrations on meter 2901 are 
discounted as transducers were replaced prior to each calibration.  The July 2007 calibration 
of meter 2902 is discounted as a mis-alignment in the upstream spool was noted at that 
calibration, and the first two calibrations of 2903 are discounted as there is doubt over the 
cause of the -0.5% shift between calibrations (see Section 4). 
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Figure 13 Calibration FWA Errors 

 
That leaves three periods where meter reproducibility can be assessed.  In the cases of 
meter 2901 and meter 2903 both these meters were installed in the injection line where they 
were operated on a near continuous basis.  Both meters experienced a positive shift, 2901 
recorded a FWA shift of 0.12% during a year of operation, while 2903 recorded a 0.17% shift 
in 6 months of operation.  Meter 2902 was installed in the export line and hence was only 
operated for a few hours each week.  It recorded a -0.15% shift in FWA during one and half 
years in-line. 
 
This indicates that not withstanding meter faults etc the reproducibility of the meters is very 
good giving confidence in the meters long term response, and once a clear calibration history 
has been collected, potentially allowing an increase in time period between calibrations. 
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6 SERIES LINE CHECK HISTORY 
 
Figures 14 and 15 show the full history of series line check results since start-up.  Overall it 
shows the results are generally stable between meter change-outs, with distinct shifts in 
deviation at meter change-outs.  It shows the majority of results to be within the ±1% action 
limits.  Results out with the limit are nearly all in the period between the 4th Nov 2005 and the 
27th Aug 2006.  This corresponds to when meter 2903 was first installed.  At the time the 
failures initiated a series of checks, including review of meter diagnostics, additional re-
calibrations of pressure and temperature transmitters, and additional valve integrity checks, 
none of which identified a problem.  The results returned to within limits at the following meter 
change-out. 
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Figure 14 Series line check results (Dec 04 – Sept 06) 
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Figure 15 Series line check results (Sept 06 – May 08) 

 
The results also show a tendency for increased scatter and/or temporary excursions from the 
stable result following meter change-outs or shutdowns.  The reasons for this are unclear, it 
may be due to initial liquid drop-out, the results stabilising once the liquid has dried out, 
however there is no evidence of this from the meter diagnostics.  The effect is observed after 
the meter change-out’s of December 06, February 07 and April 07, and also after the 
shutdown of September 06. 
 
 
7 METER FAULT DIAGNOSIS 
 
It has already been discussed how the series line check and diagnostics monitoring 
procedures are designed to detect faults in the meters and as a result increase confidence in 
the metering performance.  This section shows how a real metering fault was detected and 
rectified.   
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Following a six week maintenance shutdown the injection metering stream was brought back 
online without incident.  Meter 2901 was in the export line and 2903 in the injection line.  
Immediately preceding the shut down the series checks had been returning discrepancies of 
about +0.7%, however following the shutdown the checks returned a -0.8% result.  This 1.5% 
shift indicated that there may be a problem with one or both of the meters.  A negative shift in 
series check results indicated that either the injection meter was under reading or export 
meter was over reading.  Figure 16 shows the series line checks around that time. 
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Figure 16 Series line Check results 

 
As is normal during series line checks a log of the both meters diagnostics had been 
recorded.  Figures 17 and 18 show the velocity of sound foot prints for both meters with 
series line check results overlaid.  These show a significant change in the export meters 
velocity of sound (VOS) footprint (2901) whereas the injection meters footprint remained fairly 
constant.  The alarm limit for changes in footprint recommended by [6] is 0.1%.  The change 
in footprint registered by meter 2901 ranged from at worst 0.42% for the path 3 to 1 ratio to at 
best 0.04% for the path 3 to 2 ratio.  It was this variation in the footprint that pointed to the 
fault.  The only ratio which had not shifted out with the 0.1% limit was the 3 to 2 path ratio.  
This indicated that there was no fault on those paths, hence the fault seemed to lie with path 
1. 
 
None of the other monitored diagnostics for meter 2901 i.e. path velocity ratio, signal to noise 
ratio, or path performance were outside limits.  
 
At this stage it was thought that the meter may have been affected by contamination.  The 
export meter had been lying depressurised for some time during the shut down and as Banff 
had not exported to CAT’s after the start-up it had only been run for a few hours during the 
series line checks.  It seemed credible that there might be some liquid or debris in the line, 
which might affect path 1 particularly due to its transducers being in the bottom half of the 
pipe.  Hence it was decided to run the export meter for a prolonged period (48hrs) to see if 
this would clear the contamination and the fault.  (It has been observed that the repeatability 
of series line checks can be quite poor, for a short period after a meter change out).  However 
although some improvement in the series checks was noticed; the shift in series checks 
reduced to about 0.5%, the change was still significant and meter 2901s VOS footprint 
remained very stable in its new state. 
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Figure 17 Meter 2901 VOS Footprint 
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Figure 18 Meter 2903 VOS Footprint 
 
It was decided that 2901 could not be relied upon to operate as a fiscal meter and that it 
should be transferred to the injection line allowing the recently calibrated 2902 to take the role 
of export meter.  This was done at the end of December 2006.  
 
After a period of operating in the injection line and with no change in the VOS footprint the 
meter was returned to Instromet’s Essen facility for investigation and repair.  The ‘as found’ 
test report showed that the measured velocity of sound on path 1 was just over 1m/s higher 
than on paths 2 or 3.  The measured values were as shown in table 2: 
 

Table 2 – ‘As found’ Test results (2901) 
Path VOS (m/s) 

1 349.67 
2 348.52 
3 348.55 

 
Instromet concluded that path 1 was faulty and should be removed for further investigation.  
Figure 19 shows both path 1 transducers, on the left is the damaged transducer, its face has 
been dislodged slightly from the holder.  The movement was very small, no more than about 
1mm, however this shortening of the path length, increased the measured flow velocity on 
path 1.  The series check results suggest that this fault may have caused a +0.5% meter shift.  
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It was mentioned by Instromet that this sort of damage might have been caused by rapid 
depressurisation of the metering run. 
 

 
Figure 19 Meter 2901 Path 1 Transducers, damaged transducer on the left. 

 
Both path 1 transducers were replaced and the meter re-verified at Essen.  This showed the 
replacement had been successful as all paths now measured the velocity of sound to within 
0.25 m/s. 
 
The meter was then sent for re-calibration where it performed well, with a linearity of 0.22% 
across the full range and a shift in the flow  weighted average  from the previous calibration of 
-0.32%.  Considering the change out of transducers this was considered to be a very good 
result. 
 
This incident has shown how regular series line checks and diagnostics monitoring can 
quickly identify faulty meters, allowing remedial action to be taken to minimise any potential 
mis-measurement. 
 
 
8 METER VUNERABILITY DURING TRANSPORTATION 
 
The standard Q-sonic 3S meters purchased in 2004 are particularly vulnerable to damage of 
the transducer heads.  The transducer design includes a connection which extends over 
140mm from the head of the port casting.  Due to concerns over transportation a specifically 
designed transport box was fabricated, this is shown in Figure 20. 
 

                        
      Figure 20 Meter Boxed          Figure 21 Damaged Transducer 
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However these precautions did not prevent damage to the transducers.  In February 2006 
during transport between the calibration facility in Germany and installation on the FPSO 
meter 2901 suffered damage to transducer 1B shown in Figure 21.  It is not known where or 
how the damage was sustained, however the damage did compromise the integrity of the 
screw thread on the transducer.  This meant the meter had to be returned to Instromet for 
replacement of the damaged transducer.  Also because the transducers are supplied as 
matched pairs the 1A transducer also had to be replaced.  And then because of the potential 
shifts due to the change out of the transducers the meter was re-calibrated before returning to 
the FPSO. 
 
The repercussions of this damage were firstly the cost for repair and re-calibration, then the 
period during which no further meter calibrations could be performed because the spare 
meter was unavailable.  The time between the damage being discovered and the meter being 
ready for installation was 6 months. 
 
 
9 SUMMARY OF LESSONS LEARNT 
 
This section summarises the main conclusions from operating these meters over the last four 
years. 
 
9.1 Meters 
 
Overall the meters are considered to have performed well, they have demonstrated a linear 
and reproducible response.  This has been verified both in the calibration lab and in the field 
with the series verification checks.  Several issues have occurred throughout their operation 
(e.g. initial calibration problems, transport damage etc) which have made assessing the long 
term performance of the meters more difficult, however when these issues are accounted for, 
it can be shown that the data backs up this conclusion. 
 
The meters have been fairly reliable with only one transducer failure between all the meters in 
four years.  It is interesting to note that the transducer failure occurred on path 1, which has 
its transducers on the underside of the pipe.  The location of the path 1 transducer ports is 
not ideal, it would be better if they were self draining.   
 
One problem with these particular meters has been the design of the transducer connectors 
as they are very vulnerable to damage.  Significant effort has gone into minimising the risk of 
damage to these during transportation, including the provision of a purpose built transport 
box.  However this is not a complete solution and it also adds additional issues, for example, 
ensuring the meter is installed correctly in the box etc.  As damage in transit is a real risk, 
extending the period of time between calibrations is attractive bearing in mind the 
reproducibility of the meter calibrations when no ‘events’ have occurred. 
 
9.2 Meter Verification 
 
The meters have been subject to a rigorous verification process which has generated 
confidence in the meters performance.  Periodic onshore calibration has been backed up with 
regular series checks and review of meter diagnostics.  The verification process has been 
shown to be suitable for fiscal measurement. The fact that a meter fault was quickly 
highlighted by the series line checks, and then correctly diagnosed using the meter 
diagnostics, demonstrates the effectiveness of these checks between calibrations. 
 
The experience of operating meters on the Banff FPSO has shown that the limits of AGA 9 
and BS 7965 on peak to peak error and maximum error can be too restrictive for 4” meters, 
and if applied strictly might result in suitable meters being rejected.  The meters have also 
been repeatable during calibration, which means the calibration error is inconsequential as 
the error is corrected by linear interpolation in the meter’s flowcomputer.  
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Regarding meter repairs, laboratory calibration has shown a shift in FWA of -0.25% following 
the replacement of one pair of transducers.  This shift was seen in a meter which did not 
return to service between calibrations because it was damaged in transit. This was 
considered to be a very good result for such a small meter however it does not change the 
author’s view that transducer change-outs on this size of meter at any rate require a re-
calibration for fiscal measurement.  
 
Meter shifts observed during the initial calibrations may have been due to several reasons, 
the following procedures adopted by the Banff FPSO are recommended to minimise 
calibration issues on small 4” meters. 
 

• Leave Upstream and downstream spools attached at all times, to avoid risk of mis-
alignment effects, use lead seals for verification. 

 
• Maintain the same upstream pipework for laboratory calibration and subsequent re-

calibrations.  
 

• Witnessing of at least the initial meter calibrations and first re-calibrations is essential 
 
The series line checks are a useful technique for monitoring the metering stations 
performance; however they should not be used as an alternative to calibration.  On the Banff 
FPSO they have been used as an addition to calibration.  They have been effective because 
they have been performed on a regular basis, also the trending of both series check data and 
diagnostics makes faults much easier to identify.   
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