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ABSTRACT: As with most of theestablished flowmeasuring methotlse accuracy
of induction flowmeasuringlFM) is strongly influenced bythe shape of thdow
profile, so thatthe flowmeter must be placedufficiently distant from distorting
installations. Inmany ranges of application this is undesiradifficult or even
impossible. In thigpaper, anovel methodfor improving the accuracy ofnduction
flowmeters for arbitranflow profiles isproposed. Theccuracy gain is achieved by
means otomographic methods usingsat-upconsisting of a magnetigeld rotating

in a plane perpendicular the flow direction and of mitiple electrode pairs. It is
shown that errors due symmetric profiles beconerbitraily small with growing
number ofelectrodes. Experimentsave been carriedut with a four-electrode-
system and aotating field subject to asymmetric flow profile§he expermnental
results showed aignificant improvement iraccuracy compared to a conventional
two-electrode-system with alterimag field.

KEYWORDS: Induction Flowmeter, Asymmetric Flow, Rotating Field, Multiple
Electrodes.

1. INTRODUCTION

Since the first functional induction flowmeters have been described in the 19808idmns

[1] andKolin [2], great efforthave been made teduce their inherergensitivity to flow
profiles. AfterThirlemann[3] had given a firstheoreticalanalysis Shercliff[4] developed
a comprehensive theory of induction flowmeteringluding the derivation of theveight
function. The latter in particular helped understanddngrs due to distorteftow profiles,

because in combination withe exciting magnetidield it assigns a sensitivity teach point
in the cross-section of the pipe.

As the flowmeter reading iafluenced bythe flow velocity field, the exiting magnetidield
and the weight function, consequently, thoséerent approachewardsimproving the
accuracy of induction flowmeters with arbitrary flow profiles have been maateely
manipulation ofthe magsetic field [5-9], manipulation ofthe weightfunction using large
electrodes instead of point-shaped ofi€4 and (rarely) shaping dhe flow profile itself,
e.g. by means of a conical inlet [11].

However, neither of these methods is without problems. The use of inhomogersteas
of uniform magnetic fields generallyeteriorates the flowmeter performance wathally
symmetric profiles. Also itcan be shown, that aideally inhomogeneoudield totally
eliminating profile-dpendence of the flowmeter cannot exiStean largeelectrodes can
smooth the weightunction tosome degree, bwvhen partiallycovered with depositions
from the liquid they have a varying couplingesistance angield a randomly chtorted
weight function. Finally, the shaping of the flow itself is undesired in many cases.



The approach presented in tipgpermakes use of tomographic methodsich imgies
measuring moredata. However, thedditional informationthus gained isot used for
reconstruction of théow profile asdone in [16,17], but for ammproved estimation of the
desired parameter, the mean volume flow rate.

2. THEORY

Induction flowmeasuring is based ¢ime Lorentz force acting omoving charge carriers

(typically ions) in a flowing liquiddue to arexternally applied magnetic field. This results in
a current field within the liquid,

By (1)

wherev(X) is the velocity field B(X) the external magnetic field ane(%) the resistivity of
the liquid. The voltage drop gf(X) yields an electric field

E(X) =YY x B (2)
within the pipe. The electrifield can be written as the gradient of a scalar potevja)
which is picked up by several electrodes onpipe wall. Multiplyingthe Nabla-operator to
both sides yields the fundamental equation of the induction flowmeter,

AV =div(vx B), 3)
whereA is the Laplacian.

As theaim ofthis paper is not théetailed presentation of fundamental induction flowmeter
theory, only the result for the potential at an arbitrary electrode (jhdegiven [4,12]:

V=W duy = By) d x (4)

The informationabout thepipe geometry anthe position of the-th electrode ixontained
in the weight functioW, (%). Assuming a circular pipe and electrodes on the wall, the (two-

dimensional) weight function becomes
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wherefj is the position of th¢-th electrode. If auniform magnetidield is used and the

velocity field is only afunction of the co-ordinates perpendicular to tpge axist
(corresponding to the-axis here), theproblem can bdreated in twodimensions. If, in
addition, the absence of secondary flow is postulated, a scalar electrode function

1strictly the latter is only true for axially symmetric flow profiles, if the viscosity is not negligitmaever,
the weight function drops fastutsidethe electrodeplane, thus avelocity profile nearly constant with the
axial coordinate can be assumed.



Q=8 [W( dz

can be defined, that represethg differential potential contribution of the points in the
electrode plan€.

The potential at thpth electrode with the corresponding metyrfield appliedcan now be
written as

V= jgj(xm/(y)d?x (7

C

These potentials afed intothe transducer and processed into a single volidge.can be
described by a transducer function

Ur =TV, -0\, (8)

wheren is thenumber ofelectrodes. The transducer function canabeitrarily defined.
However, theaim is to find afunction thatminimisesflow profile sensitivityfor a given
number ofelectrodes. For aaven number of equidistaetectrodes this isccomplished,
when potential differences betweeatl possible pairs oftwo opposite electrodes are
computed and the results a@mmed. In a four-electrode-systdor, example, as shown in
figure 1, the transducer function would be

TV, Vs V) = (M- )+ (V- V) (9)
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Fig. 1: Schematic cross-section of a four-electrode induction flowmeter.

Inserting theabove-defined electrode functions iritee four-electrode transducgmction
(9) yields

(6)
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(X) =2 (%)~ 2, (N+ 2, (N -2,(R. (11)
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and
Qo 2(X) = 2, (%) - 2;(X) (12)
for a four- and a two-electrode-systeaspectively. The lattemwo functionsare depicted

below. They have positive singularities at the electrodegadingith growing distancérom
the electrodes.

y y

Fig. 2: €. (X) of a two- and a four-electrode-system.

For aninvestigation of a convention#lvo-electrodesystem and dour-electrodesystem
regarding accuracy of measurement, it is useful to expand an arbitrary flow profile in polar
co-ordinates into a completsystem oforthogonal functions and to explo&ngular
symmetries ofthe electrodefunctions [18]. As the flow velocity function v(r,g) is
continuous and bounded, Fourier-Bessel-expansion reads

v(r,p) = E%SJ uasr)+§j§j 2,5 COSOp W FrsSinby ), Gost)  (13)
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with the expansion coefficients
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where J, (.) is then-th orderBessel-function ofhefirst kind and., its s-th positive zero.
Eqn. (10) in polar co-ordinates reads

U, —H o (1) () d ol (16)

Insertion of the velocity field expansion (13) into (16) yields:

U; = J.J. Q (M 2)

(17)

aOSJ (4 Sr)+ (@, costp 1+ .. sinfw )J, ¢,.r) rdrdp.
0 n

n=1 s=1

Multiplication of &, (r, ) into the outesum and exchangirthe order oBummation and
integration yields:

H Qa1 w)[EaOSJ %Sn} rdrdg +

s=1

+E.|.J.Qt°tal(r fﬂ) COS(’];& |:Eans n Unsr) rdr d¢+ (18)
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Obviously, the axes oymmetry of 2, . (r,#) are the connectintines of two opposite
eledrodesand the bisectors between thérses (cf. Fig.2). For a four-electrod@unction,
this means symmetry &te anglesy =0,%,Z,3 x... and for a two-electrodfinction at
the anglesy =0,%,7,% .., if ¢ =0 at the location of an electrode.

As & .(r,p) is an even function withegard tog and sinfy )is odd, thethird line in
egn. (18)vanishes, becausal integrations over an integeumber of periods of an odd
periodic functionyield zero. This result is independent die number ofelectrodes. The
sameargument is1ot usablefor the second line of egn. (1&ecause the integrand is even.
However, for some values of the product otosfy ) and 2, ., (r,#) is odd inrelation to
angles other thag = 0. In these cases, the integral also vanishes. It can be shammpley
symmetryconsiderations, that thistiguie, ifn is not a mtiple of the number ofelectrodes.
Explicitly, the transduceoutputU, contains terms of the ordems0,2,4,6,... for gwo-
electrodesystem and terms ohe orders=0,4,8,12,... for a four-electrodgstem, where
the first line of egn. (18) is equivalent to the zero-order term.

As the zero-order term of(r, ) is independent o, it represents thaxially symmetric
component of the flow. The higher-order termsro contribute to mean flow velocity,
and thusideally none of these should contribute to the transdoegputU.. However,



only certain higher-order terms agéminated, depending ahe number ofelectrodes. The
remainng higher-order components of the flow contribute to measurement errors.

This means, #ur-electrodesystem eliminatethe leading and evergecond of thénigher
order disturbance terms as compared with a conventitmadelectrodesystem. Thus, a
largely improved accuracy is to be expedadflow velocity profiles deviating fronaxial
symmetry.

3. EXPERIMENTAL SET-UP

To prove the theoretical results, a four-electregiem with aotating magnic field has
beenset up. In order t@chieve a homogeneoustating field, the stator of amduction
motor was rewounuaith two coil pairs of 90° displacement. Pointwise measurement of the
resulting magnetifields with a hall sensor provedniformity of both magetic fields within

1% deviation inthe electrodelane insidehe pipe. Thecoils weredriven bytwo current-
controlled amplifiers feavith 25 Hz sine and cosin@&he lattersignalswere produced by a
line-synchronisedjenerator in order to reduce lineise, thus theifrequency wagxactly

half of the linefrequency.Rotatng magnetic fields of up to 10 mT amplitudeuld be
produced with this set-up.

The sensor was integrated in a perspex pipe of 24iimar diameter and 30 mouter
diameer. Fourelectrodes of 1 mm diameter were plaeegidistantly inone plane at the
pipe wall. Inorder to reducepolarisation, the electrodes were gold-plated.aflditional
groundeledrodewas provided outside the nragicfield to supplythe reference potential.
Symmetric electrode cables were used for suppression of induction noise from the coils.
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Fig. 3: Schematic diagram of transducer.

The transducer, as depicted in Fig. 3, accepts the electrode potentials (with reference to the
ground electrode) as input. Thiest amplifier stage is equipped with @gh pass filter to
suppress electrochemical d.c. potentials and is chopper-stabilisedintioate offset
problems. In the next stage, the potentiaden opposite electrodes are subtracted. The two
difference voltagesre thenmultiplied with avoltage eachwhich is poportional to the



magneticfield pependicular tothe corresponding electrodis. At last,the multiplier
outputs are addeshd low-pass-filtered inrder to separate the d.c. componéirte noise
is suppressed bsneans of integratiomver an integenumber of periods ofhe exciting
field. This integration is carriedut bythe ADC stage, and iéine-synchronisedor high
accuracy. Thelisplaycan becalibrated to arbitrary flowrate units lngeans of a reference
voltage.

For analysis ofthe performance of the flowmeter described above, it was integrated into a
test facility (see Fig. 4) permittinglow velocities of up tol.8 m/s. From an elevated
reservoir, thdluid passed through a relaxatipipe of more than 80 diameters length, then
through the flowmeterFor reference, a commercial flowmetevas installed after a
relaxation pipe of 30 diameters length behined experimental flowmeter. Valves enabled
exact adjustment of the flowrate.

For purposefully distorting the flow profile and evaluating asymmetry-induced measurement
errors, orifices were installed four diameters before the electrode plane. Generdiadhis

to a strongdeviation fromaxial symmetry [5].However, disturbances withowwirl
component areypically relativelyshort-lived, so that theommercial reference flowmeter

can be expected to be exposed to nearly developed flow.
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Fig. 4: Flowmeter test facility.

4. MEASUREMENTS

The aim of the measurements was to show that a four-electrode induction flowmigier
rotating magatic field performs better with distortegrofiles than a two-eléde
flowmeter. Consequently, the four-electradigahad to be compared wiithata gathered
with a two-electrode system amnilar tothe four-electrodsystem as possible. Because the
construction principle ofthe four-electrode flowmeteresembles aset-up of two
perpendicular two-elémde flowmeters, this could be asily achieved by disablingne of
the excitationcoils and evaluatingnly two electrodes. Thugnly one sensor, on@agnet



and one transducer were required for both set-ups, and the results wperatento a
very high degree.

First, both set-ups were calibrated subjectutly developed flow by comparison with the
commercial flowmeteintegrated in theest facility. As expected, both flowmeters were
linear with a statistical measuremeator of ca. 0.5% (see Fig. 6a,lontained in this
value isthe measurement uncertainty of the reference flowmetach was about 0.2%
[13]. After calibration, several different orificsee Fig. 5) werénstalledfour diameters
before the electrodplane ofthe experimental flowmeter and measurements hasen
carriedout with the four-electrode awell aswith the two-electrode set-up. The results
were compared with the reading of the reference flownagain, whichwas sufficiently
remotefrom the orifices (30 diameers), so thabnly slightly distortedflow entered the
reference flowmeter.

0@ 00 Q

Fig. 5: Flow distortion orifices (grey=solid).
Area fractions: 1: 19,6%, 2: 50%, 3: 80,4%, 4: 39,2% and 5: 68,5%.

The measurement results with tr&fices can berouped as followsorifice 1 (see Fig. 5)
produced resultaith a measuremerrror within 0.5% for both set-ups, smbviously the
spoiling effect ofthe distortedprofile wastoo little to be resolvedOrifices 2 and 4
produced errors approximately 1% witlthe two-electrodsystem anda. 0.7%with the
four-elecrodesystem. litheflow profile washeavilydistorted, asvith theorifices 3 and 5,
the peformance ofthe two-electrodesystemdeterioratecextremely, so that typicarrors
were up to 6% (see Fig. 6¢-f). Rotating thréfice by 90° resulted irrrors of thesame
order ofmagntude, butwith inverse signHowever, the error of the four-electroslgstem
under identical flow conditions was always less than 1%.

5. SUMMARY AND CONCLUSION

Conventionatwo-electrodanduction flowmeters perform precisely witlily developed or
only slightly distorted flow. Howeverthey generallyfail with heavy distortions, e.g. as
caused by bends andlves[5,14,15]. Anovel four-electrode induction flowmeteavith
rotatingfield has been designed capable of countafigeinstallation effects. Theoretical
analysis by means of Fourier-Bessel-expansion showeeérttoas due t@xially asymmetric
flow profiles are reduced to a degreepending orthe exact structure of thprofile.
Theoretically, arbitrary accuracy can be achieved with a growing numisdectfodes, as
long as thdlow profile does notthange with theaxial co-ordinate. The former theoretical
results have beeverified by experimentThe novel flowmeter described above performs
with measuremengrrors under 1% iflow conditions that causerrors up to 6%with
conventionakwo-electrode meters. Consequentlys technique is particularly suitable for
cramped facilitieswhere installation close twalves or bends camot beavoided.Being
realised as an a.c. systérare, thesame technique is gy adaptable to switched d.set-
ups. Electrodes, transducers and magnets are adbatical to correspondingtwo-
electrode components, or requignly minor modificéions. Thus, a four-electrode
induction flowmeter caeasily beset upwith industry-standard componentgjich enables
commercial use of this technique.
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Fig. 6: Measurement results:
a) Measured flow velocity (fully developed flow),
b) Measurement error (fully developed flow),
c) Measured flow velocity (centred slot orifice),
d) Measurement error (centred slot orifice),
e) Measured flow velocity (peripheral slot orifice),
f) Measurement error (peripheral slot orifice).
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