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Introduction

The  exploitation  experience  of  different
electromagnetic fluid flow converters (EMFC) shows
increasing attention to the primary flow sensors with
rectangular channel (see Fig. 1). The main advantage of
these sensors is the significantly lower dependence of the
electrodes signal on a velocity distribution (velocity
profile) in the cross-section of the channel. M. Bevir [1]
proved that this dependence is absent, when the magnetic
field is uniform and rectangular electrodes or rod-shaped
electrodes are used. Other advantage of rectangular
channel is the larger average value of the magnetic field in
the active area of the sensor comparing with the magnetic
field created by the same exciting coil and the same
electric current in a sensor with circular channel, i.e. the
sensitivity of the sensors with rectangular channel is higher
than the sensitivity of sensors with circular channel.
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Fig. 1. Electromagnetic fluid flow sensor with a rectangular
channel
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Real magnetic field is not uniform and depends on the
design of the exciting coils, therefore the signal of
electrodes is sensitive to the velocity distribution. We shall
discuss which design of the exciting coils ensures the
minimal interrelation between the signal of electrodes and
the fluid velocity profile. We analyse a three-dimensional
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problem. The shape of electrodes is rectangular, too. Their
height is always equal to the height of the channel b, the
width [, is variable. In the case [,—0 the electrodes shape is
arod.

We use rectangular coordinate system. The axis x
coincides with the straight line going through the
geometric centres of the electrodes and the axis z coincides
with the geometrical axis of the fluid channel. The
magnetic circuit of sensor must be designed to direct
magnetic field along the axis y. The signal U created by
such flow transducer may be expressed as follows [1]:

U=[(xB),v.dr=[(J B, ~J,By)v.dr, €))
T

where J is a density of a virtual current (it is calculated in
the same way as the distribution of the unit current that
flows from one electrode to other electrode in the active
area when there is no fluid flow), 7, — volume of the active
area; dz - the volume element.

Presume that the distribution of the magnetic flux
density B and virtual-current density satisfy usual
conditions of symmetry:

J6,2) =J(%,2) =S (53, 2) =S (% y2) =S (X0, 2) =
== y2)=J(y2)=J(=%2), @)
Sy 2) == (=% 0,2) == (,2)=J, (X Y 2) = (X0, 2) =
=—J(=%32) =), (x22) = (=x-0,2),

B(xy,2)=B(=x3,2) =B2,2) =B(xy2)=B(=x-,2)=
=—B(=xy2)="Bx2)=B(x:2), 3)
=B/ »,2)=B(%),2)=B,(x-12)=B/(x),2)=B/(=x-12)=
=B(xy;2)=B/(x3,2)=B(=x-2).

In this case the products of J.B, and J,B, will be of the
same sign in all eight octants.



We shall define EMFC sensitivity S as the ratio
between the signal U, expressed by (1), with the average
speed of flow v in the cross-section:

U

‘_}

S = (4)

We investigate the dependence of the sensitivity S on
the design of the magnetic field exciting coils and on the
speed profile.

Comparison of Electromagnetic Flow Sensors of
Circular and Rectangular Channels

We compare the sensitivities of the EMFC with the
round and rectangular channel. The cross-sections of
channels, intersecting centres of electrodes, are shown in
Fig. 2, a and b. Because the source of the magnetic field is
outside of the active area, we can use scalar magnetic
potentials V;, and -V}, (the potentials are created by the
exciting coils of the magnetic field) for the analysis. We
analyse only the magnetic field, created by round coil,
inside the cylinder (Fig. 2, ¢) and created by rectangular
coil - inside the rectangular parallelepiped (Fig. 2, d).
These shapes are limited by the conductive magnetic
surfaces of the upper and lower exciting coils cores. The
design of the channel and magnetic core may be different,
i.e. the sensors with round or rectangular channel may have
cylindrical or rectangular magnetic core.
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Fig. 2. Dimensions of round (a), rectangular (b) channels and
calculation area of magnetic field created by of round (c) and
rectangular (d) magnetic core

Let the area of the magnetic core surfaces, that limits
the shapes ¢ and d from top and bottom, be equal to Oy, as
well as the magnetic field be uniform and length % of all
lines of magnetic field be equal to the distance between the
poles of the cores (h=h, —for round channel and ~=h, — for
rectangular channel). The magnetic resistance of these
areas may be expressed this way:
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The magnetic flux density may be expressed by using
the Ohm’s Law:
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When the inductors of magnetic of the EMFC with
the round and rectangular channel have the same number
of turns and the same current, the same difference of
magnetic potentials 2V, is created. Thus the ratio between
the magnetic flux density of rectangular channel B, and
magnetic flux density of round channel B, is inversely
proportional to the ratio of the distances between the poles
of the cores:
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i — 2VmIUO /hs
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2Vm/“O / ha
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where h,=d+2l;— for cylindrical channel and h=h=b+2I for
rectangular channel, d — diameter of cylindrical channel, b
— height of rectangular channel, /; — distance at core pole to
inner surface of channel (see Fig.2, a and b). This ratio
approximately expresses ratio between sensitivities of the
EMFC with the round and rectangular channel. We
compare the flow transducers used for the measurement of
the same flow, i.e. flow transducers with the same cross-
section area Oy . The cross-section areca of the round
channel is Q=n(d/2)’, and the cross-section of the
rectangular channel is Qw=ba=b*(a/b). By equality Q.=
Oy the relation between the diameter d of cylindrical
channel and the parameter » of the rectangular channel can
be established:
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The coefficient K, can be expressed of (7) and (8):

Fb+2] \/7 \/7

b+2l b/2l +1

When a/b=2, diameter of the round channel d=50mm,
and [=3mm, we obtain K,=1,5.

The peripheral magnetic field is not evaluated in
expression (9). The lines of the peripheral field are longer
than /4, and A, correspondingly, and their ratio is nearer to
one. Therefore, the expression (9) gives the maximal
evaluation of coefficient K,.

a

Design of the Sensor

Further we analyse only the EMFC with the
rectangular channel. The magnetic conductors may have
cylindrical or rectangular shape. Our goal is to find out



which of the designs of the magnetic conductors is better
for measurement of the fluid flow in the wide range of
flow. We select similar perimeters for the cylindrical and
rectangular magnetic core. In such case the coils shall have
the same number of turns when the wires of the same
length are used. Therefore, if these coils are subjected to
the same exciting current, the same magnetomotive force is
created. We can compare the sensitivities of the sensors
with the same consumption of materials and energy in
magnetic field exciting coils.

The area of the circle is always larger than the area of
a rectangle of the same perimeter. The difference between
the areas increases with increase of relation f/g (see Fig. 2,
d). By this cause the sensitivity of EMFC with the
rectangular core must be smaller, than the sensitivity of
EMFC with the cylindrical core and the same consumption
of materials and energy. However, in case of rectangular
magnetic cores, the maximal magnetic field between the
poles of the cores is created in a narrowest area in which
the density of virtual current is highest. This circumstance
increases the sensitivity of the sensor. Such tendency
becomes more evident when the length f of side along the
straight line, connecting the centres of electrodes, is longer
than the length g of side, perpendicular to the side fand the
electrodes shape are close to a rod. Therefore, there are the
two factors with contrary influence to the sensor
sensitivity, however only analysis would help to find an
answer to the question which of the factors is the most
significant. We have performed the analysis by finite
elements method.
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Fig. 3. Cross — sections of electromagnetic fluid flow

transducer xy (a) and yz (b) in the plane and analysing cross -
section part of channel (c).

Typical design of the sensor with a rectangular
channel is the symmetrical one with regard of all three
axes, therefore it is enough to analyse only one octant of
channel. The cross-sections in the planes z=0 and x=0 are
shown in Fig. 3. In this figure K - channel, M — magnetic
conductor inside exciting coil, E — magnetic screen, El-
electrode. The magnetic core may have a rectangular or
cylindrical shape depending on the design of the coil.

The design of the sensor was simulated by using
software COSMOS/M. The body was divided by cubes of

the same size (the side length of cube was equal to A). Two
problems were solved: problem of electric current
distribution and problem of magnetic field distribution in
the channel. The current problem was solved by subjecting
a potential V, to the electrode as well as the potential /=0
to the plane x=0. Magnetic problem was solved with a
presumption that the magnetic potential of the plane y=0 is
V=0, the magnetic potential of the surface of the magnetic
conductor I (see Fig. 3, a) is +V,, and the magnetic
potential of the magnetic conductor II (see Fig. 3, a) is -V},

The signal was calculated for laminar as well as for
turbulent flow. In the case of laminar flow, the speed of the
fluid is distributed according to the parabolic law:

v(xgp5) =K ,(1-x7)1-?), 9.1)

where K, is normalisation coefficient. Its calculated value
must be such as to ensure the average fluid velocity v
equal to 1m/s. The sensitivity S can be calculated using the
equation (4) in this case. Coordinates x; and y; can be
expressed as follows:

Y= X
PN
2
o (10)
-y

In the case of turbulent flow, if the Reynolds’s
number Re is within the range [4:10°, 3.2:10°], the fluid
velocity can be expressed this way [3]:

V(xs9ys):Kn(l_xs)%(l_ys)%' (11)

The number n and normalization coefficient K,
depend on the Reynolds’s number. The relationship
between n and Re is shown in the Table 1.

Table 1. Relationship between 7, K, and Re.

Re 410° 1.1-10° 1.1-10° (2+3.2)'10°
N 6 7 8.8 10
K, 1.277 1.253 1217 1.197

To compare the sensitivity of EMFC for different
distribution of fluid velocity in the cross-section, the
normalization coefficient K, was calculated accepting, that
v =1m/s for any n. The evaluation of the electrode signal

is more precise when the signal is calculated for the entire
cross-section, except those elements that intersect with
other areas. Average value of the fluid velocity in one
quarter of the cross-section is expressed as follows:

_ 1 Xp Yy
V=3 .[ J‘v(xs’ys)dxsdys . (12)
So00
We can express a/2=kA, b/2=IA. Then
. _(k-DA k-1 _(-npAa _I-1
R 7 k7T A ! (13)



The area of the quarter of the discussed cross-section
is:

Gy (k=DU=D

rrr — Kl (14)

After insertion of (9) into (12) and integration,
evaluating (13) and (14), we can express K, forv =1m/s :

9

K
[3-(1-1/k)*13-(1-1/1)?]

(15)

p:

Simulation was made accepting, that k=19 and /=13.
In this case K;=1.993.

The K, can be expressed into (12) inserting (11)
instead of (9):
l+n, k-D(I-1)

K, = .
(kl)l/n (k}’l/l’H—l _ 1)(ln/n+l _1)

(16)

n

The values of K, calculated for £=19, /=13 and relevant
values of n are indicated in the Table 1.

Parameters of the compared designs

During simulation the comparison of the relationship
between the electrode signals and velocity profile was
made for cylindrical core and rectangular core. The sensor
with a rectangular channel of 19x29mm?, produced by the
Company ,,Katra®, was analysed. The nominal flow of the
sensor is nearly the same as the flow of the round channel
di=50mm.

The comparison of the electrode signals was made,
when the cylindrical magnetic core with the diameter
dy=24mm and rectangular magnetic core with the
following ~dimensions: 32x8mm’, 28x12mm’ and
24x16mm’ were used in the sensor. The perimeter of the
rectangular magnetic core is the same, i.e. P=80mm.
However the perimeter of the round magnetic conductor is
slightly smaller: P,=24n=75.4mm. The ratio of these
perimeters:

— PS
P

a

:ﬁzl.%l.

75.4

In case the same length of wire would be used for the
round magnetic conductor, the number of turns would be
by 6.1% larger than the number of windings of the
rectangular magnetic conductor. Thus we can conclude
that the magnetomotive force would be also higher by
6.1% at the same consumption of materials and energy.
Due to this reason the magnetic potential of the round
magnetic-conductor was calculated by multiplying the
magnetic potential U, of the rectangular magnetic-
conductor with a multiplier 4.

If the perimeters of the round and rectangular magnetic
conductors are the same, then the volume of the round
magnetic conductor will be larger comparing with the
volume of rectangular magnetic conductor. The volume
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coefficient Kt can be expressed this way:

Ve __ J8h
(d? [4)h

Sglf (17)
d" r/4

The ratio f/d can be expressed by equality of the
perimeters zd=2(f+g):

f

d

T

_—. (18)
21+g/f)

After insertion of the equation (18) into the equation
(17), the following Kt expression is obtained:

__#(glf)

(19)

2

(1+g/f)
This coefficient shows what part of the round magnetic

conductor volume has the rectangular magnetic conductor

volume, when the same magnetomotive force is obtained

in the both cases.

Simulation results

The distribution of the flow speed was varied from
parabolic (i.e. laminar flow) to the turbulent flow with
Re=3.2-10°. This analysis practically covers almost all
possible operation modes of the fluid flow transducers.
The simulation was performed by using rod electrodes.
The calculated electrode signal U; was obtained
approximating the integral (1) by the following equation:

mmax
= Zl (JxmBym - Jymem )vm > (20)
m=

where m,,,, — total number of elements used for formation
of the signal. The velocity v,, in case of laminar flow was
calculated this way:

Y = K Il - - M=N ZN)],

e2))

In the turbulent flow case the velocity v, was
calculated by this expression:

1

-N

=Kl - PN o
In the (21) and (22) equations:
M=E{®, N= E{%}, (23)

where E{x} is a integer part of the number x.

The simulation results are indicated in the Table 2.
The results of the calculations of volume coefficient are
also indicated in the table below.



Table 2. Electrode signals by using different cores and rod-
shaped electrodes

Type of | Turbulent flow Parabol
flow Re=3.2 [Re=1.1- Re=1.1 [Re=4- [ic flow
10° 10° 10° |10 K7

Cylindrical | U, [1906 [1907 [1909 [1911]1996 [1.0
magnetic AU, % | -1.0 |-0.97 |-0.86 |[-0.75|3.7
conductor
RectanB2x | U, [1878 |[1875 [1868 [1862]1833 [0.503
gular 8 Ay 9] 079 |0.63 026 [0.06 |-1.6
CENChex | U, [1882 [1880 [1876 [1872[1871 [0.660
condud!2 [AU,%]| 031 [ 020 [-0.01 [-0.22]-0.28
tor  pex | U, |1916 [1914 [1912 [1910[1933 [0.715

14 |AU,%]|-0.05 [-0.16 [-0.26 [0.37 [0.83

24x | U, 1927 1927 [1926 [1926[1973 [0.754

16 |AU,%|-0.45 [-0.45 [-0.51 |-0.51]1.9

We can see that sensitivities of EMFT with the
rectangular and cylindrical magnetic cores are similar. But
the interrelation between the electrode signal and fluid
velocity profile in the wide range of average velocities is
smaller in the EMFT with the rectangular then in the
EMFT with the cylindrical magnetic core. The deviation
from the average value of the signal is within the range [-
0,28%, 0,31%] in case of rectangular magnetic conductor
28x12 and average velocity range from 0 to 8 m/s. In the
same average velocity range for the cylindrical magnetic

signal and profile of fluid speed for rectangular magnetic
conductor 28x12 may be decreased even further by
increasing the width of electrode. The calculated deviation
by using the rectangular electrodes 6x19 mm® was within
the range [-0.28%, 0.17%] when the average velocity of
fluid is in the limits 0-8m/s.

Conclusions

1. Significantly higher sensitivity may be obtained in
electromagnetic flow converter with the rectangular
channel comparing with the cylindrical channel of the
same cross-section area by using the same consumption of
materials and energy. For example, the sensitivity of the
flow converter with the cross-section area of 20cm’ of the
rectangular channel, which altitude is equal to the half of
the base, is almost 1.5 times higher comparing with the
cylindrical channel flow meter with the same cross-section
area, when the same exciting coils are used.

2. It is recommended to use rectangular magnetic core
for the flow converters with a rectangular channel, because
these conductors ensure the smaller interrelation between
the electrode signal and profile of fluid velocity as well as
help to decrease the consumption of magnetic materials for
their design.
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XOTs cUTHal 3JIeKTPOMarHUTHOTO TMpeoOpa3oBaTeNs pacxoja C MPSIMOYTONbHBIM KaHAJIOM MEHbBIIE 3aBHCHT OT PaclpeleleHHs
CKOPOCTH B IIONIEPEYHOM CEUCHUH KaHaJa, H3-3a TEXHOJIOTHYECKUX COOOpaXKEHHH Jalle MPUMEHAETCS KaHal IUINHIPHIECKOH (hOPMBI.
TlokazaHo, 4TO B 3I€KTPOMArHUTHBIX IPE0OPA30BATENAX C MPIMOYTOIBHBIM CEUCHNEM KaHaNa, IPUMEHSS TaKO! jkKe HHIYKTOP C TEM ke
TOKOM BO30Y>KICHUSI MOXKHO JIOCTHYb UyBCTBUTEJIBHOCTH 1,5 pa3a M Goiee MPEBHINIAIONIYI0 YYBCTBUTEIHHOCT HJIEKTPOMATrHUTHBIX
npeoOpazoBarenell ¢ DUIHHAPHYECKHM cedeHHeM. UyBCTBHTEIBHOCTH pacTeT C YMEHBIICHHEM BBICOTHI KaHala II0 CPaBHEHUIO C
OCHOBaHMEM. B mpeoOpaszoBaTeisx ¢ NPSMOYTONBHBIM CEYCHHEM JIydlle IPUMEHSATh MAarHUTONPOBOJ IPSIMOYTOJBbHON (OpPMEL,
HarpasJsisi OOJIBIIYIO CTOPOHY HMOIEPEYHO OCH KaHaita. B 3ToM cityyae coxpaHssi Ty K€ MarHUTOJBIDKYILYIO CHIIy MOXXHO YMEHBIIHTh
HNOTPEOHOCTh (PEepPPOMArHUTHBIX MaTEpUalioB, HEOOXOMUMBIX IJIsI W3rOTOBIEHHS MAarHUTONpPOBOAA. Pe3ymbTaThl MOJEIMPOBAHHS,
MPOBEAECHHOTO METOJOM KOHEYHBIX 3JEMEHTOB, IIOKA3bIBAIOT, YTO UYBCTBUTEIBHOCTh IpeoOpa3oBaTenell ¢ MPSIMOYTOJIbHBIM
MarHATONPOBOAOM MEHBIIE 3aBHCHT OT Mpoduis CKOpoCTH IpeoOpas3oBareneldl ¢ MUIMHAPUYECKMM MarHUTONPOBOJAOM. B
mpeoOpazoBarene ¢ MPSIMOYTOJIBHBIM CEYCHHEM, JJIMHHAs CTOpPOHa KOToporo 2,33 pasza Ooiibllie KOPOTKOW B JHANa30HE CPEIHHX B
CeUeHNH CKopocTed moToka 0-8m/s W3MeHEHHe WyBCTBHTENBHOCTH HE BBIXOAWT u3 mpenenos [-0,28%, 0,31%], a mpumenss
HPSIMOYTOJIBHBI MarHUTONPOBOJ, IUIMHHAsE CTOpPOHAa KoToporo 1,66 pasza KOpOTKOH B [Hama3oHe CKopocTedl 2-8m/s m3MeHeHHe
qyBCTBUTENBHOCTH He mpesbimaeT +0,03%. Wn. 3, 6ubmn. 3 (Ha aHramiickoM s3bIKe; pedepaTsl Ha aHIIIMICKOM, PYCCKOM H JINTOBCKOM
s13.).

R. Padegimas, R. Vaikasas, J. A. Virbalis. Sta¢iakampio kanalo elektromagnetinio skys¢io srauto keitiklio magnetinés grandinés
konstrukcijos parinkimas // Elektronika ir elektrotechnika.- Kaunas: Technologija, 2006.— Nr. 3(67).— P. 41-46.

Nors staciakampio kanalo profilio elektromagnetiniy skyscio srauto keitikliy elektrody signalas maziau priklauso nuo skyscio greicio
profilio kanalo skerspjiivyje, dél technologinio paprastumo dazniausiai naudojami apvalaus profilio kanalai. Parodyta, kad naudojant
tokias pat magnetinio lauko zadinimo rites, kuriose teka tokia pat srové, srauto keitikliuose su staciakampiu kanalu jautris iSauga 1,5
karto ir daugiau, negu tokio pat skerspjiivio keitikliuose su apvaliu kanalu. Jautris didéja, maz¢jant kanalo skerspjiivio aukscio ir
pagrindo santykiui. Staciakampio kanalo srauto keitikliuose geriau naudoti staciakampés formos magnetolaidzius, nukreipiant ilgesniaja
krasting statmenai kanalo asiai. Siuo atveju galima sumaZinti magnetolaidZiui naudojamos magnetinés medziagos kiekj iki dvieju kartu,
esant tai paciai magnetovarai. Modeliuojant baigtiniy elementy metodu staciakampiame kanale su strypo formos elektrodais buvo
palyginti staCiakampés ir apvalios formos magnetolaidziai. Srauto keitikliuose su staciakampiu magnetolaidziu jautris maziau priklauso
nuo skysc€io grei¢io profilio negu su apvaliu magnetolaidziu. Naudojant stadiakampi magnetolaidj, kurio ilgesné krastiné 2,33 karto
didesné uz trumpesnigja, vidutiniy skyséio grei¢iuy diapazone 0-8m/s jautrio pokytis nevirsija ribu [-0,28%, 0,31%], o naudojant
magnetolaidi, kurio ilgesné krastiné 1,66 karto didesné uz trumpesnigja skysCio greifiy diapazone 2—8m/s jautrio pokytis nevirsija
+0,03%. Platinant elektrodus, galima sumazinti jautrio pokyti ir skysc¢io grei¢iy diapazone 0-8m/s. Il. 3, bibl. 3 (angly kalba; santraukos
angly, rusy ir lietuviy k.).
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	We can see that sensitivities of EMFT with the rectangular and cylindrical magnetic cores are similar. But the interrelation between the electrode signal and fluid velocity profile in the wide range of average velocities is smaller in the EMFT with the rectangular then in the EMFT with the cylindrical magnetic core. The deviation from the average value of the signal is within the range [-0,28(, 0,31(] in case of rectangular magnetic conductor 28(12 and average velocity range from 0 to 8 m/s. In the same average velocity range for the cylindrical magnetic conductor the deviation from the average value of the signal is within range [-1(, 3.7(]. Furthermore, the volume coefficient of the rectangular magnetic core is KT(0.66, which means that 2/3 of the magnetic materials used for round magnetic core are enough for the rectangular magnetic core.  When the average fluid velocity is within the range 2-8m/s, then only insignificant changes of the signal (that do not exceed 0.06() are detected for the magnetic conductor 24(16. Its volume coefficient is KT(0.754 which means that its demand for magnetic materials is by ¼ lower comparing with the round magnetic core. It can be considered that the sensor is not sensitive to the profile of velocity in the above mentioned range. The interrelation between the electrode signal and profile of fluid speed for rectangular magnetic conductor 28(12 may be decreased even further by increasing the width of electrode. The calculated deviation by using the rectangular electrodes 6(19 mm2 was within the range [-0.28(, 0.17(] when the average velocity of fluid is in the limits 0-8m/s.   
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