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1 Introduction

Clampon flow meters will reduce flow meter total installed cost significarttipwever, acceptance

in the oil industry is low, due to low accuracy achievements andtemg reliability issuesXsens

AS, a Christian Michelsen Research ASdapitompany, is in the position of reldag new

ultrasound clampon flow meters, changing the game with respect to accuracy, functionality and flow
meter robustness.

Xsens new clampn ultrasound transmission concept, enablesadhtre beam transmission,

forming the functionality of a mukbeam inlinetransit timeflow meter, with respect tdlow profile
compensaion, hence accuracy improvementd he patented Xsens technology achieve this through
disruptive acoustic guided wave transmission technology where the pipe wall is used as aceadva
transmitting gateway between sensors and signals propagated helically as well as axially in the pipe
(patent pending).

This paper explains how the Xsens claonpultrasonic offcentre beam transmission is achieved and
discusses test program resultsrdenstrating Xsens flow meter functionality at challenging industrial
conditions; installation on standard industry piping at locations datveam single and double pipe
bend configurations.

2 The ultrasonic clampn flow meter challenge

One ofthe maintransittime flowmeterissues with respect to accuracytlie integration from
average path flow to a total volume flow, where the meter needs information about the velocity
profile. Single path meters rely on models and external inputs only to estinféde grofile have
therefore limited capability of true accuracy improvement. Inlimelti-path meters(figure 1 a)
sample more points of thllow velocityprofile through offcentre pathsand by that obtain higher
accuracy.
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Pipe flow velocity profile a) Typical multi-beam transit time b) Conventional clamp-on transit time flow meter,
in-line ultrasonic flow meter multi-beam set-up (reflective mode)

Figurel: In-line and clampon multibeam transit timdlow metess, typical transducer setp.

Ultrasonic tamp-on flow meters are also available in megth configuratios, butup until now
without off-centre pathsfigure 1b)and theability to make real world corrections for thitow
profile.

With therelease of the Xsertsue multipath clampon flowmeter,this limitation can no longer be
attributed clampon ultrasonictransittime flowmeters in general.

3 Principle of operation

TheXsens flowneter is a Lamtwvave type norAnvasive transitime flowmeter, which means that it
uses the pipe wall in a guidedave resonant mode as part of tlaeoustic transmissiomhe benefits
with this are amplification of the signal, broader volume coverageamibst nosusceptibility to
beamdrift.

3.1 Transducer waveguides

The transducers are designed to single out and develop the desired guided wave mode in a
transducer waveguide before transmitting the signal to the pifi@s allows us to steer the mode
selected guided wave propagation directim the pipe.

3.2 Diameter paths

Reflective diametral paths are set up by transducer pairs directing the signal axially along the pipe.
Two signals are picked up by the receiver for each dirediiengirect signal that propagatesolely

in the pipe walland the fluid signal which travels partly in the wall in addition to traversing the
diameter twice.The fluid signal has many equidistant paths to the receife@ming a propagating
volume rather than a single beam.

The two signals measured in each difentare used to calculate the sound speeds in the wall and
fluid, the anglanto the fluid, and the path flow.
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Figure2: Xsens transducer waveguides and axial acoustic signal transmission

3.3 Annular paths

To noninvasively setip a@ustic paths outside the pipe centre, the transducer waveguides are
rotated with an angle;— , to the pipe axis. The signal propagates helically in the pipe wall while
emitting acoustic energy into the fluid. Thefractedbeam angle of the axial pair is used to calculate
the chord.The chord is found by rotating trexial beam in accordance with the rotation angle of the
helical transducer waveguide.
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Figure3 Xsens hlicalsignalexitation and chadal signaltransmission

Thesignalentersthe fluid atcontinuouslynew angles while the wave propagates helically in the
pipe wall(adong the green path ifigure 3. After havingpassedhrough the fluid, the signals enter

the pipeand a new helicallpropagating wave is formed. As for the axial pair, the fluid signal is built
up of many equidistant paths to the receiveavelling tre same total length in both pipe and fluid to
the receiver seefigure 4.
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Figure4: Xsens oftentre transit time signal transmissiamd setup of an annular path

Unlike the sintg chords seup by an idine ultrasonic flow meterwider sectors are covered in this
setup. Depending on the distance between transducers, this sector can ‘o $setovera whole
circlg i.e. to set up an annular patkeefigure 4

4 Demonstration of multipath operation

The new annular path providesdmoninvasive meter with possibilities to correct for flow profiles
which only have been available to multipathline meters before. A traditional centre path meter
must include a Reynolds numband pipe roughnessorrection of the path flow velocityypically in
the range up to 10%singmodelsof the flow profile only. Centre path flowmeters cannot detect
swirl.

For the present demonstration, the meter is installed with different upstream piping configurations
with the objective to generate swirl.he offcentre patls are demonstrated by their use in swirl
detection and flow profile integration.

4.1 Meter configuration

Figureb shows a path configuration and cressctional coverage with one reflective centre path and
two swirkcancellingannular paths. In the demonstration, the meter is configured with two additional
centre path pairs, offset + and60 degrees from the horizontal pair. Meter orientation effects are
this way limited to orientation angles less that3@ degrees.

Figureb: Left: Xsenslbw meteraxial and helicalransducers.  Right: axial + helicedsssectional areaxoverage
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4.2 Path integration

With more points on the flow profile curve, the clarop meter is rigged to operate as a true
multipath mete. Weights are here calculated for a typath configuration; one at the centre and

one at the chord radius for the annular paths, in a similar manner as would have been done for a
multipath inline meter. Note that for flow profile integration, the numbdrpaths is related to the
differentradial positions of the chords. The weights are based on numerical integration of fully
developed flow profiles published from the Princetdniversity superpipe experiment ddtaNo

effort has been made to compensate for any detected swirl in this work.

4.3 Swirldetection and quantification

Local vortices are cancelled out by the inherent averaging along the acolostitalpaths within the
annular regiorand a net symmetrical swicomponent remains in the measured path flow. Clockwise
and counterclockwise directed helical pairs are used to extract and remove the swirling component
from the measurements.

The ratio of the extracted swirling path flow to theean annular path flous here taken to calculate
an angle indicative of swirling.

4.4 Meter installationtest setup and CFD analysis
The flow meter installed fortestings a 6" f | ow met eminstalaiongner manent
standard process piping in Eateas seefigure 6.

Figure6: Xsens flowmeter

The flowmetemwasinstalled in CMRnultiphaseflow loop in Bergen, NorwayThe flow loop has a
gravity separator, separating a diesel oil phase from a salted water phase and nitrogen gas phase.
The test st-up mimic real offshor®nshore conditions for separator liquid outlet flow

measurement, for which Xsens is testingd preparingseveralmeasurement systemf®r offshore
installation first inOctober2018.

1Zagarola, M. V. and Smits,JA. Experiments in high Reynolds number turbulent pipe fldaltys. Rev. Leff8, (1997).
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Figure7: CMR multiphase flow loofgred arrovand dotted line showsthe test setup start andinstallation area

Referencdlow meter used wagoriolisflow meter (flow meterpositionmarked blue in Figure
7) calibrated with aruncertainty of < 0,5%.

The meter was installed with several upstream piping configuratamurther discussed belowo
flow-conditioner was used throughout these tesfEhe pipe setp, including different bend
configurationswas implemented dowrstream a+30D straighpipe (between 90 deg. bend and
entry of test setup, seered arrowat figure 7). All pipesused in the test setip were6 'standard
industry spe@ipingat standard roughness witkixception ofone 6 " m Eubber hose at the entry of
the test setup (see pictures included for each agd). All tests were run on ail

CFD analysis was establisheddach pipe bend configuration for simulation ofpected swirl effect
introduced The CFD data input cader the conditions swirl free dhe entry of thetest setup.

4.5 Flow measurement airggle90 degreedendinlet conditions

A single90 degreedend is expected to introduce Dean vortices ia flow. Along with these

vortices,the flow profile is characterised by crefisw, axialasymmetry and a dip in the centre in the
axial profile. CFD simulations 5 and 10 diameters downstream the single bend, has been run, see
figure 8 and 9These shouhat the intensities of the vortices and thepdin the axial profile increase
towards the bendSy mmet ry of the vortices should resul

The Xsens flowmeter is installed in two locations; 5 and 10 diameters downstream the single bend,
see picturasincludedin figure 8and 9.

t
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Figure8: Meter installation afteisingle bend + 5pCFO@ Rgnolds number 200 000

Figure9: Meter installation after single bend + 10DFD@ Rgnolds number 200 000
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4.6 Double bend irplane

A lesspredictive characteristic flow profile is found in the sintidas of a doubldendin-plane
(figure 1Q. Theswirlingpattern change dramatically with Reynolds number. Asymmetric vortices
indicate a higher net symmetric swirling than for the single bend case.

Figurel0: Meter installation after double bend in plane + 1@BD@ Regnolds number 20 000 and 20000

4.7 Double bend oubf-plane
The meter installation and CFD simulations for duisfiguration are showin figure 11 A much
higher net symmetric swirl is indicated by the simulations as only one vortex remain
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Figurell: Meter installation afterdoublebendout of plane+ 10D CFO@ Rgnolds number 20000

5 Results

In the test runs for this demonstration, flow rates have been set and held steady for 6 mimbges.
path flows are compared to the average flow velocity in the cross section of the pipe read from the
reference instrumenttion. The centre path flow is the average of the three axial pahs.swirl

angleis calculated as the tangent to the ratio of the difference to the mean of the annular paths.
Counterclockwise, as seen in the direction of the flow, is defined as pesitigle Flow profile
integration is performed by weights and the metead not stored anyinformation about the flowing
medium. The meter continausly calculated the chord radius of the annular pats.the average,

this chordradius wa®.499Rhroughout thesetests Gridlines at £1% are included in the deviance
plotsto visualisethe shifts in range on the-gxis.

5.1 Single bend
Installation requirements for ultrasonic flowmeters are typicaltyeast10 diameters downstream a
single bend. Our results from such a locatéwashown infigure 12.

The annular paths here clearly péckup a swirl (clockwise with an angle in the rangel82). Notice
the large deviation from reference and the difference between the two annular paths.

Themeter flow reading shows that the swirl siccessfully cancelled out and flow profile integration
efficiently corrects for the diameter path flow oveeadingto keep the resultsvithin 1% With

respect to the test objectives, this clearly demonstrates the multipath operation of themasive
meter. Note, however, thaby the CFD simulatioriBis upstream pipe configuration was not
expected to produce such a significamtirling.
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The flow profile igvenmore distorted closer to the bendfive diameters downstream the bend
(figure 8 the swirlanglehas increasedout only by a few degrees.ift also more éarlyincreasing
with Reynolds number.

Path flow Meter results
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Figurel2: Single ben#10Dresults

The meer flow has an offsebf about +2.2%seefigure 13 this could be du¢o a distorted axial
profile (deviances from the fully developed flow profil@herefor this profilethe annular paths are
weighted too high.

Path flow Meter results
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Figurel3: Single bend 5D results

5.2 Double bend ifplane
Similarto the single bend configurationh)e double bend irplanetest showeda somewhat
unexpectedswirling, sedigure 14 Theclockwiseswirling was heraround 10.

Path flow Meter results
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Figurel4: Double bend kplane, results
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5.3 Double bend oubf-plane

To increase the bend complexity furthen aut-of-planedouble bend was installed upstream the
flow meter.Results showefigure 15)a weaker net symmetrad swirl, oppositely directed

compared to the previous configuratiorishe meter reading asin the 1% band.
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Figurel5: Double bendut-of-plane, results

6 Discussion

Velocity profilesare quite complex, and for disturbed flows even moreAaignificannet clockwise
swirlingwas detectedor both the inplane and single bend pipe configurations, while the e f t

h a n dtkedit-of-planeupstream bendsesulted in a weakeaind counter-clockwise swirlThis
contrasts withthe flow profilessimulated usingCFDTheseresults could be explained by an
upstream disbrtion in the form of a clockwise swikwirlsan “sur vi ve” ander |
could have been created in the complex piping at the outlet of the separstiticealsothe flexible
hose, which in effect introdusa double irplane bend over it§ meterslength, when lifted.Such
distortions couldfollow through the first two pipe configurationshile be equalized by the double
bend, asobservedn the results

ong

Thissuggestghat, if CFD is used &stimate a flow profile at the meter locationufficient upstream
piping must be includediithe simulations.

7 Conclusion

A noninvasivetransit-time ultrasonic flowmeter with oftentre pathshas been realized with no
requirements formodifications to a pipe with circular crossectionfor clampon installation Off-

centre acoustic path propagation was demonstrated by its ability to detect swirl and compensate for
changing flow profiles using weighting factbosntegrate the measured path floviXsens has by this
openedfor possibilities to improveneasurementccuracywith methods thathereto onlyhasbeen
available to idine multipath ultrasonic flowmeters
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