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ABSTRACT

In this work three types of electromagnetic flowmeters
are analysed. These flowmeters have distorted imposed fields in
which the distortion is caused either by magnetic property, electrical
conductivity or flowrate of fluid.

The first type is the electromagnetic flowmeter for magnetic
slurries, where the permeability of fluid affects the imposed field
and makes the performance of the meter non~linear. A design is given
which has a search coil positioned in the liner which is used as a
reference and gives a constant signal for changing fluid permeability
and an almost constant one for a lihited range of axisymmetric
velocity profiles.

The second type of flowmeter is a swept field cne where
the high magnetic Reynolds number (R, = ucoavm) causes the field sweeping.
These flowmeters are analysed and their performances are found for three
different types of imposed fields. The solution is a numerical finite
difference approximation with S.O0.R. Alse a weight function is found
for the swept field flowmeter which is magnetic Reynolds number dependent.
And finally a design is given with electrodes displaced downstream. The
performance of this meter is effected by cenductivity change.

The design which is immune to any conductivity change is the
integrated voltage flowmeter for which the theory, and examples for
confirming this theory, are given.

Experiments are carried out on swept field flowmeters using
an analogue rig and the results obtained a;e in good agreement with
prediction.

Finally pulsed field flowmeters are analysed and a design is
given which can measure the flowrate and conductivity of the flow. Performance

of this flowmeter is immune to any temperature or cenductivity change.
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total current vector, total current in coil
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CHAPTER 1

INTRODUCTION

The safe operation of the fast breeder reactor (FBR) with
liquid sodium cooling necessitates the flow measurement of sodium
in a wide range of pipe sizZes up to the order of lm diameter and
velocities as high as 10m/sec. Under these conditions the refiability
of a flowmeter is more important than the accuracy as an accuracy
of a few per cent is sufficient (Hayes 1974).

Electromagnetic flowmeters (induced voltage or induced magnetic
field) have been used both in the core, primary and secondary cooling
systems of sodium cooled FBR. In the core of the reactor the flow
velocity is not high but the operating conditions are severe. High
temperature, radiation and inaccessibility encountered here all cause
rroblems and therefore eddy current flowmeters are normally recommended
to be used in core flow measufement.

Primary and secondary flow measurements are made using transverse
field electromagnetic flowmeters, but the high value of magnetic Reynolds
number (Rm) tends to produce distortion of the imposed magnetic field
and this makes the performance of these metersnon-linear. In this work
a design is produced which, although it haS an applied magnetic field
distorted by the flow, will still provide a linear rerformance. A-
problem exists in calibration of the electromagnétic flowmeters for
magnetic slurries, where the magnetic property of the slurfy causes
the distortion of the imposed field and changes the calibration. A
flowmeter design is given for the measurement of flow of magnetic
slurries, the output of which is not affected by the permeability of
the flold

The contact method of flow measurement exhibits known disadvantages

when used to measure the flowrate of high temperature corrosive fluids.



In particular, the variability of the contact resistance between the
electrodes and the medium or the channel walls and the medium gives

rise to additional measurement error. In this context a pulsed field
flowmeter is analysed and developed which may be used for flow measurement
in production of wires, rods, tubes, M.H.D. devices, in the core, the
primary and also -.. . = in the secondary cooling circuit of a Fast

Breeder Reactor.

1.1 History and Develcopment of Electromagnetic Flowmeters

In 1832 Faraday attempted to measure the induced voltage across the
river Thames resulting from the interaction of the water flow and the
Earth's magnetic field.

Years after Faraday the principle of electromagnetic flowmeasurement

4
-

;‘had still 6nly been used for oceanographic applications. Somewhat after/{ PEN

it was realised that electromagnetic flowmeasurement could be applied to
;i other fluids than water.

Within the last two decades the electromagnetic flowmeter has been
used in the flowmeasurement of, for example, water, chemicals, blood,
ionized gases, food stuffs, ligquid metals and others, Electromagnetic
flowvmeters are divided into two distinct categories depending on their
mechanism of operation.

a) Induced voltage flowmeters

b) Induced magnetic field flowmeters

1.1.1 Induced voltage flowmeter

The operation of this meter is based on the discovery by Faraday



that voltages are induced in a conductor which moves through a magnetic
field., The electric field E induced by such motion is expressed by

-~

the vector equation:

E = v X B (1.1)

where V is the velocity of motion, and B is the magnetic flux
density. Figure 1.1 shows an induced voltage elet¢tromagnetic flow-
meter in a pipeline configuration. The induced voltage is sensed by
two electrodes at diametrically opposite points on the pipe wall.
Williamg (1930) performed experiments with a copper sulphate
solution flowing in a non-conducting circular pipe, under a uniform
transverse magnetic field. The results showed that the induced voltage
between the electrodes EE was proportional to the flowrate. The early
theory of electromagnetic flowmeters was developed by Thiirlemann (1941)
and Kolin (1945) who showed that the signal from an electromagnetic
flowmeter with point electrodes non-conducting circular channels and

a uniform magnetic field is directly proportional to the flowrate for

any axisymmetrical velocity profile. That is

AU = 2a Bo Vm (1.2)
where AUEE is the potential difference between the electrodes, B, is
the uniform magnetic field, Vm is the mean velocity, and 2a is the

pipe diameter. Shercliff (1954) introduced the weight function to

show how the distribution of velocity affects the performance of the

flowmeter. The signal was described as:



AUEE = Bo Sfv.w ds (1.3)
cross
section

in which W, the weight function, was given by

4 2 2
a + ar Cos 20

W(r,8) = (1.4)
a  + 2a2r2 Cos 26 + r4
The sensitivity of the flowmeter is defined as
AU
EE
s = 32 B v (1.5)
o In

Figure 1.2 shows the contours of W, which indicate the contri-
bution of the various parts of the cross-section to the output signal.
For axisymmetric velocity profiles equation 1.3 gives a sensjtivity >
of unity, as was obtained by Thlirlemann and Kolin, but when the
velocity profile is non—axisymmeFEF_Fhe sensitivity can be greater oxr e
less than unity and sometimes negative. The sensitivity becomes .5
if the flow concentrates near the side walls. If the flow concentrates
near the electrodes the sensitivity can be much greater than unity.

Localised reverse flow, may reduce the sensitivity below .5 and

could even make it negative.

The sensitivity of the flowmeter, when the magnetic field is
non-uniform and flow is rectilinear in the channel cross-sectiomn, is

‘expressed in a more general form by Korsunskii (1974).

-

a 27
v (r,e).B (r,8).Ww(r,8)r dr de
2: b4 (1.6)

S V. (r,8)r dr de
[e) z

0~ o~

In which Bo here is the magnetic field at the centre of the channel

and W is the Shexcliff weighting function. If the field is uniform



and flow is axisymmetric the sensitivity again is unity.

In order to remove the effect of velocity profile Rummel and
Ketelson (1966) have proposed an electromagnetic flowmeter with a
magnetic field inversely proportional to the Shercliff weight
function. The magnetic flux distribution everywhere in the channel

is defined by the relation:

B (r,0)/B = 1/W(r,8) (1.7)
Y e}

Bevir (1970,1971) continuing the work of Shercliff has shown that- the
potential difference between the electrodes can be written in the

general form:

AU = { W.V dart (1.8)

~

W = B x J (1.9)

G is the solution of the Laplace equation in the region under
consideration with given boundary conditions. Bevir refers to JV

as a virtual current, which would occur if unit current passed between
the electrodes with no fluid motion. The condition on‘W for an ideal

flowmetexr which gives a signal proportional to the flowrate irrespective

of the velocity distribution was given as:



VW = 0 (1.10)

This condition can be satisfied using certain shapes and electrodes.
Electromagnetic flowmeter with two point electrodes, in a circular
channel cannot have this property, though it can with difficulty

be made immune to variation in the profile of a rectilinear flow.

Gammerman and Mezhburd (1971) gave a three dimensional solution
for Bevir's weight vector for a cylindrical flowmeter with insulated
walls and this work shows that the two dimensional solution by
Shercliff is a particular case of the general solution obtained. The
solution gives the virtual current distribution for an insulating
circular pipe with point or finite electrodes.

Kirshtein and Timofeev (1975,1977) analysed the effect of a non-
uniform magnetic field in the direction of flow, on the characteristics
of the meter. Their conclusion was that the distribution of the
magnetic field along the tube axis has a significant effect on the
characteristics of a flowmeter and so approximate designs with shortened
magnet systems, which do not take into account the non-uniformity of
the magnetic field along the flow can lead to large errors. Thus both
the longitudinal and the transverse non-uniformity of the magnetic
field must be taken into consideration, when the flowmeter parameters
are to be determined. One possible design to give responses proportional
to the mean velocity, for an arbitrary velocity distribution in the

flowmeter channel, is one in which the magnetic field B is such as to

-~

ensure that the component Wz in the direction of the flow is approximately
constant and that all the remaining components of W vanish.
One of the problems in measuring liquid metal flow by electro-—

magnetic flowmeters is their high sensitivity to changes in the electrical

parameters at the interface of two media, the channel wall and liquid

metal. These changes can be caused by the fact that the channel walls



are not wettable, because of the deposition of oxides and precipitates.
Vel% and Mikaileve (1977) considered the possibility of constructing
flowmeters with signals independent of the contact resistance, by
introducing a non-uniform magnetic field of a special type. The
magnetic field distribution is found from the requirement that the
normal current component caused by flow in the magnetic field should
vanish at the boundary between the ligquid and the wall. The effect of
distortion from axial symmetry in the fluid velocity profile was studied
by Wenger (1971). A general formula was given for computing -the
sensitivity for any given rectilinear velocity profile. The solution

is in two dimensions and the magnetic field is uniform.

1 27
S [ K(p,8) Vip, 8)p dp de
s = -2 (1.11)
1 27 *
é é V(p,8)p dp de

where K(p,8) the weighting vector is

0 m
-1 T
K(p,8) = I 2R - : pm Cos{m - 1)8 Sin%—

=1 E®R®+1) +y@® -1

(1.12)

|

Y = 3 and R = b/a

If K(p,8) is a constant the flowmeter would be ideal and the sensitivity
would be completely independent of the velocity profile. The series
expression for K(p,8) can be expressed in closed form only for a non-

conducting pipe wall: 1i.e.,



1 + 2
K(p,8) = p__Cos20 5 (1.13)
1 + 2p% Cos 26 + op

This result was also obtained by Shercliff (1954). The author shows
how to select the flowmeter pipe wall thickness and electrical
conductivity to minimize the error in the flow measurement due to
uncertainties in the velocity profile. Then the velocity profile
distortion produced by the flowmeter itself was analysed for fully
developed flow and a Hartmann number range of 1 to 1000. Numerical
results were presented in tabular form and used to help to correct
flow measurements.

The electromagnetic flowmeters with cylindrical magnets are
particularly suitable for measuring flow rates in tubes several
hundred millimetres in diameter. The application of a conventional
magnetic flowmeter of this size requires a very large magnet system.
Modern magnetic materials are capable of operation at temperature
up to 600°C. The magnetic flux in these meters is created by a
cylindrical permanent magnet, magnetized along its diameter and is
placed along the axis of the pipe-line. Loginov (1971) analysed such
a meter, and the potential distribution in the walls of the sensor, in
the surrounding flow, and in the tubing itself. The solution is
analytical and it assumes an infinitly long transverse magnetic field
with axisymmetric velocity profile. This author also considers the
case when an electrical contact resistance exists between the liquid
metal and the solid wall. Kormilov and fLoginov (1978) show how the
velocity profile effects the sensitivity of the above flowmeter and
a correction coefficient for velocity profile is introduced and a table

of this coefficient is given.



1.1.2 Induced Magnetic Field Flowmeter

The motion of & fluid in an imposed magnetic field produces
an induced magnetic field which is a function of velacity profile and
fluid conductivity. Measurement of this induced field is the basis of
another technique for flow measurement. The fact of conductivity
dependence, makes the measurement uncertain, but if the velocity is
known, the method may be used for conductivity measurement (Meyer, 1961).
The attraction of the induced field flowmeter is that it requires no

y

electrical connections to or inside the flow channel and therefore no
trouble from electrode polafisation and contact resistance exists.

The change in the magnetic field may be measured by a search coil
and an a.c. system, the frequency must be low to avoid skin effects in
the liquid metal. A device of this kind was first patented by Lehde and
Lang (1948) for ship speed measuremnt. This flowmeter consists of a central
coil (primary), energized from an alternating current source with a certain
frequency, with two identical secondary coils connected differentially at
either side of the primary. The coils can be treated as a differential X
transformer and balanced to zero for stationary fluids (see figure 1.3).
The interaction of the flow with the magnetic field of the primary coil
creates eddy currents in the fluid. These eddy currents distort the
field and generate e.m.f's in the secondary coils which their difference is
a function of magnetic Reynolds number. The fluid can either flow through
an internal channel or an external chanmel depending on the particular
application.

One type of the induced magentic flowmeter is tested by Kalnin et
al (1966). On one side of the flow channel there is a pulsating field
inductor, supplied with single-phase alternating current. A receiving

inductor is placed on the other side of the channel. An emf is created
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at the receiving inductor winding by the flow of fluid through the

channel. The disadvantage of the meter is its depedence on the velocity

profile, the geometry of the channel and the inductor, the frequency and

the conductivity of the fluid. The measurement showed an error of about 2%

at AT = +10°C in the range from +200° to 450 C. e
Another type of induced field flowmeter suitable for high magnetic

Reynolds number has been suggested and tested for high temperature

corrosive media like those in M.H.D. devices at Riga, Latvain S.S.R.

Zheigur and Sermons (1965) describe this flowmeter, which in its simplest

form consists of two coaxial coils spaced along a pipe (see figure 1.4).

The transmitting coil is fed from a generator with rectangular current

pulses which induce circular currents in the medium and are convected by the

moving liquid. This is accompanied by a displacement of the magnetic field

lines induced by the eddy currents and these in turn induce an e.m.f. in the

receiving coil. The signal in the receiving coil is a maximum when the eddy

current passes thevcoil. The transit time is a function of velocity and

) fluid conductivity. If conductivity is constant the velocity becomes the

ratio of distance between the coils to transit time:
v=4L/T : (I14)

This expression is true only for an ideal case (two circular coils in a moving

X
conducting medium) and high value of magnetic Reynolds number.

1.2 Past Breeder Reactors

-

The major development of electromagnetic devices came after the Second
World War, with the advent of nuclear power reactors, in particulax, the fast
breeder system (FBR), where the compactness of the reactor produces problems
of extracting heat from the core.

The FBR has been a concept of nuclear physicists from the earliest

days of atomic energy. In nuclear reactors when fission occurs the emitted
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neutrons are moving at high speed#. In the case of fast breeder reactors

no delibrate attempt is made to slow the neutrons down, whereas in a

thermal reactor a moderator is introduced, whose function is'to absorb the
kinetic energy of the neutrons and slow them to thermal energies. Convention:
thermal reactors are capable of recoveringonly 1 per cent of the energy XA
contained in Uranium, while in fast bredder reactors there is potential

for recovery of at least 50 per cent of the energy contained in the Uranium
and Plutonium.

In the FBR, the fuel is manufactured from Uranium (U-238) and Plutonium
Pu-239). Like the U-238 in a conventiondlreactor, Pu-239 is a fissionable
material; neutrons striking Pu-239 cause its atoms to fission and release
heat. But not all the neggfons collide with Plutonium, some hit U-238 causing
the Uranium to be transégé;eé to Plutonium, Pu-239, Compared with a conven-
tional reactor, a breeder thereforehas a vital feature. The reactor breeds
Plutonium, and the refuelling cycle essentially consists in topping ﬁp with
U-238. The breeding capability of the FBR will lead to a higher energy
potential of the available Uranium and therefore lower consumption for a
fixed demand. The prospect of economic power generation, with substantial
independence from external fuel supplies as offered by fast breeder reactors,
has provided a strong incentive for several countries to initiate development
programmes on this type of reactor.

High ratings and surface heat fluxes are inherent in the core design
of a fast reactor. These requirements give rise to verysevere cooling problems
Furthermore, the choice of coolant is dictated by the fact that it is un-
desirable to introduce neutron-moderating materials into the core, so that
water or hydrogenous materials are not suitable. This limitation and the
inadequacy of a gas as a heat transfer medium directed attention in the early
days of development to the consideration of liquid metals as reactor coolants.

The alkali metals proved most suitable and sodium or sodium potassium alloys

have emerged as pre-eminent. It is interesting to note the properties
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of sodium which have led to its choice as a coolant for thé fast

reactor:
1) Good resistance to irradiation damage.
2) High boiling point, which pexrmits high operating temperatures

and therefore high thermal efficiency in the steam cycle.

3) High thermal conductivity leading to good heat transfer
coefficients, which in turn permit high rates of heat transfer
from the surfaces of the fuel elements. It has also a
reasonably high specific heat and density which enables the
regquired heat transport. rates to be obtained with acceptable
coolant velocities and temperature rise across the core.

4) It is cheap and a large supply is readily obtainable. Thus
sodium has a combination and range of physical properties
which make it particularly suitable for a fast reactor coolant

{(Moore et al, 1961).

1.3 Electromagnetic Flowmeters for Fast Breeder Reactors

The  typcial large fast reactor under construction or active
design today employs mixed oxide (Pu,U)O2 fuel helium bonded to stain-
less steel clad jackets having a diameter of about .6cm. The fuel
elements are close-packed into a core having an average composition of
about 35% fuel, 45% sodium and 20% steel (Simnad, 1971). Between
the radicactive primary system scdium and the steam generators
is an intermediate sodium heat exchanger and secondary sodium system.
Typical average core exit coolant temperatures are 540—6000C; the
core temperature (AT) is about 170%. Primary system pumps are

usually mechanical. Three or six primary system loops are usually
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considered, although as few as two have been proposed. The major
early designs had two choices of primary System: the loop system,
in which coolant is piped from the reactor vessel to the pump and
intermediate exchanger, which are located in inter atmosphere cells;
or the pool system in which the entire primary system lies submerged
in a large vessel. Examples of loop and pool systems are illustrated
in figures 1.5 and 1.6 respectively and table 1.1 shows which of the
reactors under construction or already operating have loop, and which

have pool type primary circuits (Campbell, 1973).

The safe operation of FBR requires reliable instruments for
monitoring the sodium in core, primary and secondary circuits. The
problems of designing such instruments are severe. These include
for example, high temperature; radiation; restricted access;
hydraulic shock and reliability (Duncombe and Thomassen., 1970). Aall
these qualities, and more, are possessed by the electromagnetic flow-
meter, which has now become a standard fitting in liquid metal circuits
such as those in fast breeder reactors Hess et al (1975) give a
survey of measurement methods and the’variety of appropriate instru-
mentation developed and tested for primary and secondary systems of
fast breeder reactors. Baker (1977) considers various types of electro-
magnetic flowmeters which have been used for primary and secondary
circuits. For primary, both flow through type and probe type
electromagnetic flowmeters, have been proposed while in the secondary
the high magnetic Reynolds numbers cause field sweeping and this has
led to the use of the long saddle coil flowmeter. Flux distortion
(eddy current) flowmeters, either flow through or probe types, have

been discussed for monitoring the primary circuit flow.
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1.3.1 Core Flow Measurements

The space available in the control rod guide tube puts
restrictions on the size and type of the flowmeter which may be
used in core flow measurements. This space is dictated by the .53m
long, 5cm diameter flow channel in the guide tube. The instrument
should respond to 10% change in flowrate over a 10 second period and
must operate satisfactorily in molten sodium at temperature up to
700°C in the presence of high radiation levels (Dean et al 1970). The
electromagnetic flowmeter in which a magnetic flux is produced by a
permanent magnet may be used for either flow through or probe type,
but the difficulty is to find magnetic materials with stability up to
700°¢. Modern magnetic materials are capable of operating at high
temperature and some of these designs have been tested by Popper and
Glass (1967), . Foster (1971,.1973) and Yada (1970), At
the present timey with the difficulties surrounding the permanent
magnet flowmeters, the eddy current (flux distortion) flowmeters seem
to be favoured for core flow measurements.

The probe type eddy current flowmeter is shown in figure 1.8
and is inserted coaxially into a duct where the sodium flows through
the annulus between the probe and the duct wall. This flowmeter has
been developed and selected in British prototype fast reactor for
protection against the loss of cocolant incident and for primary
circuit flow monitoring (Dean et al, 1970). A theoretical model
has been illustrated by Hirayama (1977) and its validity has been
confirmed by experiments using a moving aluminium cylinder as a fluid.
Wiegand (1967,1969) describe the flow through eddy current flowmeter
(see figure 1.7), and a numerical solution is given by Feng et al

(1975) employing a finite difference relaxation method and complex
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notation for quadrature signal. Calculations were made for various
axially symmetric arrangements of coils, and experiments have been
carried out using mercury as the conducting f£luid. There was a gcod
agreement between measured and computed values and the conclusion
was that, for a reasonable accuracy, a low frequency should be used
to allow for skin effects.

As explained earlier, the primary system could be a loop or
a pool system. The probe type eddy current flowmeter is used in
the pool system, which can be pushed down into the discharge pipe
(see Dean et al 1970). Besides the eddy current flowmeter, the
induced wvoltage electromagnetic flowmeter may also be used. Problems
arise in the primary (with the loop system) and secondary circuit,
where the flow rates, sodium conductivity and channel size produce

a high magnetic Reynolds number (Rm = Lo a Vm).

1.3.2 Primary (loop system) and Secondary Circuit Flow Measurement

The high magnetic Reynolds number in the primary and secondary
circuit causes the field of a conventional flowmeter to be swept away
from the midplane of a meter downstream by the flow and results in
a non-linear characteristic. Turner (1960) has shown that the non-
linearity of a flowmeter at high magnetic Reynolds number is due to
the distoxtion of the magnetic field caused by the eddy currents
flowing in the sodium. He suggested two methods for obtaining

a nearly linear output from large electromagnetic flowmeters:

1) make the pole-face-length/pipe-diameter ratio large, or
2) move the electrodes to a location downstream from the centre

of the magnet assembly.
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The flowmeter with a long field may be used so that at the centre
of the meter the effect of sweeping becomes negligible. Increasing
the pole-face length does not appear promising since, the pole-face
length would have to increase by a factor of eight or greater- if the
pipe diameter were doubled and a permanent magnet of this size
becomes massive and it leads to handling and space problems. The
non-linear output was also observed by Meshii and Ford (1969), in
calibration of flowmeters located on the .36m lines of the primary
loop of the Enrico Fermi atomic power plant. In this case the
permanent magnet had a length-to-diameter ratio of .7. Pfister
and Dunham (1957) have noticed this effect in their experiments
and they indicate that the non~linearity depends on scdium conductivity
as well as flow rate.

Thatcher et al (1970) have developed the concept of the saddle
coil electromagnetic flowmeter. This saddle coil has a sufficient
length (2.34m), to reduce the effects of sweeping and is illustrated
in figure 1.16. It is mounted outside the .3m stainless steel pipe
having .64cm wall thickness. The maximum sodium flow rate is .455
/s at 400°c and produces the Rm of 5. The coil has a diameter
2.5 times that of the flow pipe and produces a uniform magnetic
field across the pipe cross-section. The field distribution is
assumed to be in a trapezoidal form and for this field profile the
correction factor for field distortion is obtained but it is not
valid for gross field distortion where the departure from linearity
is greater than a few per cent. The disadvantage of this meter is
that it requires a long system of straight pipes which are not always
available. Therefore there is a need for flowmeters which fit into
short pipe sections and operate for a wide range of magnetic Reynolds

number with linear characteristics. The design proposed by Turner
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(1960) is the short magnetic field with electrodes located downstream
which gives nearly linear outputs. The performance is linear at a
constant temperature and any temperature fluctuation will affect the
linearity as a result of conductivity change. Xomori et al (1974)
suggested the use of more than one pair of electrodes along the pipe

to overcome the uncertainty caused by magnetic field distortion.

1.4 Electromagnetic Flowmeter for Magnetic Slurries

Distortion of-the imposed magnetic field also occurs in
electromagnetic flowmeters used for magnetic slurriés. These meters
are used to measure the flow rate of magnetic iron ore. The magnetic
property of fluid flow modifies the imposed magnetic field and changes
the sensitivity of the flowmeter. Mannhers et al (1968) employed a
reference coil to reduce the change in sensitivity when the magnetic
permeability of slurry varied. This flowmeter is shown in figure
1.9"°, where the reference coil is located at right angles to the
electrodes. The induced voltage in this coil is proportiocnal to
the magnetic flux through the conducting medium. The ratio of output
signal to the reference voltage was found to be less sensitive to the

magnetic property of the slurry.

1.5 oOutline of Thesis

Electromagnetic flowmeters are described and a review is given.
The applications in the FBR are explained and the problems are defined.
theory of electromagnetic flowmeters comes in Chapter 2 where the
governing equations are derived and the simple forms of magnetic

field and flowmeter equations are given. In Chapter 3 the flowmeter

The
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for magnetic slurries is analysed. In Chapter 4 the swept field
flowmeter is analysed and to find the performance of the flowmeter,
magnetic field and flowmeter equations are solved numerically using
the finite difference approximation and the Successive Over
Relaxation method. In Chapter 5 the swept field flowmeter has been
approached by using weight function theory. A weight function is
derived for swept field flowmeters, This is a first attempt to find »)(
the weight function for distorted field induced voltage flowmeters.
Chapter 6 deals with integrated voltage flowmeters where an original
theoretical solution is given for this meter and two different
approaches are carried out (flowmeter equation and weight function).
Several examples are given to prove this theory.

Chapter 7 covers the experimental work where the validity
of the numerical solution obtained in Chapter 4 is checked using an analogue
sodium rig. A permanent magnet is used in this experiment as an
imposed field source. The pulsed field flowmeter is analysed in
Chapter 8. The vector potential equation is solved by a time marching
technique using the finite difference approximation and S.0.R. method.
Employing this solution the performance of this flowmeter is predicted
and a new design is given which is only sensitive to flowrate.

Appendices A, B and C give analyticai solutions for three
different air core coils (saddle coil concentric type, diamond coil and

¥

saddle coil) which are used in the calculationsin Chapter 4.

-
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CHAPTER 2
_—

THEORY

2.1 Introduction

Electromagnetic flowmeters vary in their construction depending on
the application, but they all operate in basically the same manner.

The principle of operation is based on the interaction between the
moving conducting medium and an imposed magnetic flux. Electric
currents are induced when the flow passes through an imposed magnetic
field, or it may be induced by changes in magnetic field with time.
There are two consequences:

1) Perturbation of the imposed magnetic field by the induced

magnetic field associated with those currents;

2) Perturbation of the flow by the electromagnetic force due to the
interaction of currents and magnetic field.

The second effect exists in M.H.D. devices, where the imposed
magnetic flux is strong and pefturbes the flow. w/R = Ba/p v
gives the magnitude of the perturbations, where M is the Hartmann
number and R is the Reynolds number. In electromagnetic flowmeters
the imposed magnetic flux is not strong and therefore the Hartmann
number is very small, hence we can neglect the perturbation of velocity
caused by the imposed field. This study of electromagnetic flowmeters
is concerned with the first phenomenon only.

The imposed magnetic field is affected by many different para—

meters, these are outlined below:

al Permeability of the media (u):

The permeability of the fluid alters the signal by modifying



b)

c)

d)
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the imposed magnetic field in.the flowmeter section. In Chapter
3 this effect is examined and a design is produced which gives

a signal constant for changing fluid permeability and almost
constant for a limited range of axisymmetric velocity profiles.
Magnetic Reynolds number (Rm = uUan):

Magnetic Reynolds number gives the ratio of induced field
(produced by induced currents in the fluid) to imposed field and
shows the extent to which the imposed field is distorted. This
parameter is very important in the design of flowmeters for
liquid metals where the electrical conductivity is high.

Skin effect (S* = powa?):

The alternating magnetic field or time dependent velocity induces
an alternating current. Then, if the frequency is high, the
induced current and electric field distributions will be seriocusly
upset by self-inductance. In extreme cases this excludes the
imposed magnetic field from the bulk of the fluid, so rendering
electromagnetic flow measurement impossible. Here 4 is the
frequency of change of the fluid velocity or the mégnetic field.
We assume that this is small so that the self-inductance effects
may be ignored, obviocusly it will vanish in d.c. flowmeters.

With electrolytic conductors little restriction on w is neéessary
due to the very low conductivity, but with liquié metals self-
inductance effects are severe and it is wise to use a d.c.

field. -

Permittivity (e):

The dielectric liquids such as oil have high permittivity which
introduce the displacement current (3D/3t) which may be higher
than the conduction current. In this work we are not studying

this effect (see Cushing, 1958). We neglect the displacement
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current in comparison with the conduction current (we/o<<1).

2.2 Governing Equations

In a material of conductivity ¢ moving with velocity g relative
to a system in which the electric and magnetic fields are E and B
respectively the current density will be:

g = gl(E + JARS B) (2.1) (Ohm's Law)

The Maxwell equations areused in the following form:

V xE = -3B/dt (2.2)

V.B = 0 (2.3)

VxH = J | (2.4)
Where:

H = magnetic intensity

~

t = time
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The medium is taken to be linear and isotropic, but not homogeneous.
In a linear and isotropic medium the following relations between

§ and E hold:

g = pH (2.5)

2.2.1 Induced Voltage Flowmeter

For a steady magnetic field the inductance term, Bg/at is zero,

therefore the Maxwell's eguations lead to:

VxE = 0 (2.6)
VxB/H = g ' (2.7)
Since V x,E= 0, then E is the gradient of some scalar function U,
such that:
E = -VU (2.8)

Equation 2.7 describes how the imposed magnetic field is affected

by the induced current in the fluid. The object of this chapter is to
present the simple form of the governing equations for electromagnetic
flowmeters, therefore it is assumed that the induced currents are small

and have no effect on the applied magnetic field:
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vV x g/p = 0 (2.9)
SinceV x B/u= O, then we may define the potential function ¢ as:
vé = B/M (2.10)

Now taking the divergence of equation 2.10 and assuming the

permeability to be uniform the magnetic potential equation becomes:
d = 0 (2.11)
This eguation is solved in Chapter 3 for a moving fluid with :
uniform permeability but with a higher permeability thahnh that of
free space (uo).
The flowmeter equation can be derived by taking the divergence
of equation 2.1 and applying equation 2.8 with ¢ constant:
VU = V.(V x B) ' (2.12)
~ -~
Using a vector identity we may rewrite 2.12 as
V2U = B.VxV-V.VxB (2.13)
The second term on-the right hand side mfay be neglected if the
magnetic field is not affected, the importance of this

term is the subject of Chapter 4 and 5. Then,

V:y = g.V X Y (2.14)
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The second order differentiélléquationé 2.11 and 2.14 require a single
electrical and magnetic boundary condition. Part of the boundary -
usually consists of hypothetical surfaces where the fluid enters and
leaves the region of interest. These may be chosen to be sufficiently
remote for all electrical and magnetic disturbances to have fallen to
negligible proportions, unless the relevant boundary condition is
obvious from symmetry of the problem. Within this region there may

be interfaces separating liquid and solid conductors over .whichtwo

electrical boundary conditions must be specified.

One simple solution of eguation 2.14 for an axisymmetric velocity
profile V(r), nonconducting pipe wall and very long field is given
by Baker (1968b).

r

U = 5/ (V0BT + V@h/D) By b, 8 & (2.15)

If the magnetic field Be(r; m/2) is uniform the potential difference

between two electrodes is (see figure 1.1):

AUEE = 2 a8B Vm (2.16)
Shercliff (1962) discussed how a conducting tube affects the signal
due to shorting the current in the pipe wall, and also the drop due
to the contact resistance between the fluid and the pipe wall. The
sensitivity is reduced for a uniform field flowmeter to

2 2
s = a (2.17)

(a2 + B) +w (1 + Ty @@ - an
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Where'ow is the wall conductivity, ¢ is the fluid conductivity, T
is the contact resistance between fluid and wall, 2a is the inside

diameter of tube}and 2b is the outside diameter of the tube wall.

The equation 2.l17 simplifies if the wall thickness, w is small

in comparison with a, (W<<a) giving equation (2.18).

s = - (2.18)
1 o+ 9w o o+ 5

a
k4

Q
v

2.2.2 Induced Magnetic Field Flowmeter

In analysing the induced field flowmeter it is common to use

the magnetic vector potential which is expressed as:

B = VxA : (2.19)
- o~

Equations 2.1 may be substituted into eguation 2.4 to give
¥x H = o(E + VxB) (2.20)
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d
a = - — (V 2.21
Vox E = (7 x &) (2.21)
or VXE-=-Vx2 (2.22)
~ ot
or E = - 3/3t - VP (2.23)

The temm ﬁ is a scalar potential. The coil may be driven by a voltage
generator with an applied voltage $ and an internal resistivity 1/0.
However for the purpose of the pulse field flowmeter the driving
function is exXpressed as a step current density of Jo(t) rather than
applied potential (in fact this applied current may have a pulse or

alternating form) where:

(- ovl) = J_(t) (2.24)
. ~Q

This provides a current which is not affected by induced voltages or
the presence of other coils.

Making this substituion gives:
GE = - ooA/3t + Jo(t) (2.25)

Substituting equations 2.5 and 2.19 into the left hand side of equation

2.20 and equation 2.25 into the right hand side of equation 2.20 gives:

VxETxA) = o) + I (0 + ovx (Wxa) | (2.26

The vector identities:
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vx JF) = VW xF+yPWxF (2.27)

VxVxF = V((V.F) - V¥F (2.28)

~

could be used to cbtain the differential equation for A ie:

Tx & @ xa) vix Wxa + Lvx (7xaAa (2.29)
0 2 m 2orx 2

ox

V x (l)(V X A) -V(EQ x (Vxa) + iV(V.A) - V2a (2.30)
5 ~ [S3 n 5} - ~

1
il
In the original definition of the vector potential the divergence
of the vector potential was not specified, so it can be chosen to be
anything convenient. It is assumed that V.A is zero, equation 2.30

will then yield the following results when substituted in equation

2.26.
V(EO X (V x A) - i-V’A = - Géé—'+ J (£) + ovzx (VxBAa)
o g o ~ ot -0 ~ A~
(2.31)
or
32 1
v:a = —uJo(t) + po = o+ M V(E) x (Vx A) - pov x(V x A)
~ -~ td Ll

ot

1

(2.32)
Dodd and Déeds (1967) solved this equation for a stationary
conductor with sinusoidal and also pulsed applied current, It was

found that the computed and measured values are in good agreement.
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Feng et al (1975) give a numerical solution for a sinusoidal applied
current density and an axisymmetric velocity distribution.

Thatcher (1971) has solved the vector potential equation numeri-
cally when the permeability is uniform. The applied current density
appears in the boundary condition at the primary coils instead of in

the vector potential equation:

A 9A A oA -
G+ .8_;)2 - ¢+ 5—;)1 = BRI (2.33)

Baker (1977) gives a finite difference analysis with a time marching
soluhion, he uses a magnetic function-approach instead of the magnetic
vector potential. He also discusses a method using current rings to
divide up the conducting material. By considering the interaction of
all the rings, the current distribution and hence the magnetic field
can be found.

We assume permeability is constant at any point in the medium
and is equal to the permeability of free space (L = uo), therefore
equation 2.32 becémes:

V2A = -pu J () + p o B _ op Vx{Vika) (2.34)

~ o ©o o ot 0O ~ ~

With axial symmetry of coils and flow, there is only one
componenet of A {for non-symmetric coils the problem reguires a

three dimensional solution).
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CHAPTER 3

TEE PERFORMANCE OF ELECTROMAGNETIC FLOWMETER

WITH MAGNETIC SLURRIES*

3.1 Introduction

In this Chapter the effect of a magnetic fluid on the
response of a particular design of electromagnetic flowmeter
is examined. Aqueous based fluids are considered in which the
conductivity is that for an electrolyte and therefore low
enough to ensure that the currents circulating in the fluid
will be small enough to have a negligible effect on the
applied magnetic field.

Magnetic slurries have been observed to have a consider-
able effect on the flowmeter calibration. The cause of this,
which will be discussed later, is the éhange in the permeability
of the magnetic circuit. The material between the pole-~pieces
changes from a relative permeability of unity to something higher
and the flux density is accordingly increased. The flux distri-
bution may also be modified since not all the permeability will be
changed in the same ratio. The consequences of these changes in
flux density and distribution is to change the size of the voltage

generated by the flow.

* The work in this Chapter has been reported by R.C. Baker and
M. Tarabad (1978).
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The effect of magnetic slurries does not appear to have been
analysed, but a method for compensating for the increased signal
level was proposed and patented (Mannherz and Schmoock 1968). The
idea incorporated in this patent was to use a search coil which
would monitor the field size, and the signal from this could be used
to eliminate the effect of changing flux by taking the ratio of
generated voltage to search coil signal. Of course the idea of
using a ratio to eliminate effects due to fluctuation of field caused
by mains voltage is common practice. However the usual method is to
sample the field current, rather than as suggested in the patent
mentioned above, to sample the flux density. The inventors assumed
the use of as uniform a field as possible. This is seldom the
case actually and the change in flux distribution means that even
with the use of a search coil, the calibration will not necessarily
be retained. One outcome of this work will be to recommend a design
having a constant calibration for a wide range of slurry permeability.

The governing equations given in Chapter 2 are used to obtain
the solutions for the particular geometry selected. The results are
discussed including a simple model to confirm the behavioural trends,

and limitations of the analysis are considered.

3.2 Theozz

- It was assumed that the conductivity would not be endugh to
permit circulating currents of sufficient size to modify the applied
magnetic field appreciably.

It was also assumed that the effects of changing magnetic field
will be eliminated by careful design of the flowmeter (Baker 1968a)

so that the electric field will satisfy equation 2.6. Using these
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assumptions the flowmeter equation 2.14 was obtained.
The boundary conditions can be obtained from equation 2.1 for a

non-conducting boundary as

Fr i (Z._XE)J_ (3.1)
where n is the co-ordinate perpendicular () to the boundary.

In this work the attention will be confined to the "long-
flowmeter" where variation is considered to exist only for r and
8. The solution for this case has been obtained (Baker 1968b) and

is given below (see figure 3.1 for the geometry).

Au = éf: v(Vra) Be(r,ﬂ’/2) dr (3.2)
where AUEE is the potential difference generated between diametrically
opposed electrodes (8 = 7/2), a is the pipe radius, v(r) is an
axisymmetric velocity profile, and Be\is the azimuthal éompoggnt of
the magnetic field.

The change in signal which will be considered arises from a
redistribution of the magnetic field. The flowmeter layout which
is convenient- for this analysis is one suggested by Bevir (1969)
in which the field coils lie in the flowtube surface only separated
from the fluid by the presence of the non-conducting liner (figure
3.2). This geometry has also been analysed by Baker (1973). 1In
this work it will be assumed that the relative permeability of the
tube (which behaves as the magnet yoke) will be very large compared
with the relative permeability of the slurry. So referring to figure
3.2 there are three regions of differing permeability, the yoke, the

slurry and the insulating liner with relative permeability of unity.
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The solution of magnetic potential equation 2.11 is cbtained
in the three regions to match the appropriate boundary conditions.

The boundary conditions to be satisfied are that

3
My (_a.il)

My (%%9 (3.3)
2

1

where 1 and 2 refer to two different regions and

¢, = ¢, (3.4)

These are all the equations needed to solve the problem and
the solution for the magnetic field making use of ¢ was obtained.
Then applying this to equation 3.2 the solution for a long flow-

meter was found.

3.3 Solution

It is assumed that the value of ¢ on the surface of the tube
will be unaffected by the magnetic slurry and so only two regions need
to be considered, the tube lining where on the outer boundary ¢ will
be given and the slurry in the tube.

The general solution for the magnetic potential function in the

liner in cylindrical co-ordinates is

dp(r,0) = I (AT + Br ")Cosne (3.5)
n n

n=0

and for the slurry in the tube is
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oo
n _
b_(r,0) = & (c ' + D_r Mcosne (3.6)
£ n n
n=0
where An, Bn, Cn and Dn are arbitrary constants. Dn in equation
3.6 must be zero as the value of magnetic potential function at

r = 0 ig finite. Using the boundary conditions of r = a (eguations

3.3 and 3.4) give

c =a + B am (3.7)
n n n
and
1 -2n .
Ch = " (An - Bna ) (3.8)
At r = b we have:
I (3 b +B DM = ,(b,0) (3.9)
A n Cosne = ¢,(b,8 .

Using the Fourier Cosine transformation we obtain:

n -n 1 ™
A /b +B D = = {T Cosn® ¢2 (b,8) de (3.10)
or
A B +B b ™ = 2 Sinmp) (1 - Cosnm) & (3.11)
n n m™Tm o]

I
H

where ¢o
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From equations (3.7), (3.8) and (3 .11) the values of A, B, Cn
‘ n

can be calculated as:

. ' n
A - —2I Sin(ng) (1 - Cosnm (u' + 1) (b/a®) (3.12)

n - ' - 1) = (b/a)?® (' o+ 1)

and
2I Sin(nB) (1 - Cosnm (U’ - 1) B
Bn = ™ >n (3.13)
(' - 1) - (b/a) L' + 1)
and
_ _4I sSin(nB) (1 - Cosnm) (b/a?)"
5 ™ 2n’ (3.14)
' - 1) - (b/a)™" (' + 1)
when n = 2m, ' A , B and C are zero, therefore the
m’ m m .

magnetic potential function distributions for the liner and the slurry

regions will be as follows:

-41 sin(2m 4+ 1)8 cos(2m + 1)O
¢£(r,9) = - 2z 2(Z2m + 1)
m=o (2m + D{(' « 1) - (b/a) o'+ 1))
-(2m + 1)
x {w+1) (E;'-:-)(Z’:[l U (' -+ 1) &) } (3.15)
a b
and
_8I T sin(2m + 1)B cos(2m + 1) bz, 2!
¢f(rle) = z (2m . 1){(u' _ 1) _ b2(2m + 1) (;2-')
m=0 (Z) (' + 1)1

(3.16)

where the geometry is given in figure 3.2, and I is equal to the

current turns in the slot. In particular B is the half angle of



35

the pole pieces and a and b the inner and outer radii of the
insulating liner.p' is the ratio of permeabilities of fluid and
liner, which on the assumption that the relative permeability of
the liner is unity will be egual to the relative permeability of
the slurry.

The © component of magnetic flux density may be calculated as:

o o lp e
Bef ! - r 396
(3.17)
Using equation 3.16 gives,
su.1 %
B (z.0) u_f- 5 sin{2m + 1)Bsin(2m + 1)8 (2£02m +1
’ s 2
of TY m=0 {(u| _ 1) - (b/a)2(2m + 1) (u.l + 1)} a
(3.18)

Equation 3.18 can be applied in equation 3.2 and gives,

1 T
Ao = i » (=1 "sin(2mt1)B S v(/ra) (_b_r_)z‘““dr
EE T m=O'{(u'—1)—(%J 2(2m+1)(“,+1)} o b a
(3.19)

For two special cases the following results are obtained.

(a) Uniform Profile

In this case v is constant and equal to Vm' and equation 3.19

-

reduces to:

2
AU = 16ufva (-l)msin(2m+1)8 (20 m+1
EE T =0 (2m+1)(u'—l)—(§02(2m+1%u'+1) a

(3.20)
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(b) Parabolic profile

" The expression for v(r) is

r2
V=2V (1 - =5) (3.21)
m a

and equation 3.19 reduces to

AU._ = if&szi ; (=1)"sin (2m+1) B (262m&1
EE T om0 (m+l) (2m+1){(uv_l)_(§)2(2m+1)(u,+1)} a
(3.22)

One further quantity will be required. To obtain an output
signal which is independent of fluid permeability, the generated
voltage will be divided by the signal from a search coil in the
insulating liner which measures the radial component of magnetic
field at r=a and e=Y. Various values of Y will be tested. The best
search coil position angle will then be foupd.

The field at this pecint is given by

_B“fI ® sin (2m+1) Bcos (2m+1) v b 2m+1
B lay) = ——1 b. 2 (2mt1) o
T m=0 {(p.'—l)—(;) (L'+1)}

(3.23)

3.4 Results

The first results show the effect on the signal of increasing
fluid permeability assuming that the signal is taken as a ratio of

voltage generated to field current. The field current, magnetic
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flux density and magnetic potential at the pole piece are related

by:

(r,0 5. = ¢b,0) (3.24)

de,e) is, of course, constant for the pole piece. The results are
given by the ratio AUEE/(HZIVh) which can be considered as a flowmeter
sensitivity (Shercliff, 1962).

Figure 3.3 shows the signal variation with QL' obtained from
equations 3.20 and 3.22 for two velocity profiles and four field
coil angles.

The next results in figure 3.4 show the effect of taking the
ratio of voltage generated to search coil signal. These are cbtained
from equations 3.20 and 3.22 using equation 3.23 for the coil signal.
Again the variation of the signal with u' is shown for two velocity
profiles and, in this case, three search coil angles. The ratio used,
AUEE/(ZaBrvm), where Br is the field at the search coil, is also a

sort of sensitivity.

3.5 Discussion

In discussing these results some apology for the approach is not
out of place. It is reasonable to expect a weight-function analysis
to be applied to the behaviour of the electromagnetic flowmeter. In
nearly all situations this appears to be the best approach since it
provides a clear picture of the effect of any particular region of
flow on the signal. It is not immediately obvious how a change of

complete profile will affect the signal, but this can be calculated with
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relative ease given the weight function and a computer.
The essential different in this situation of changing permea-
bility is that because the magnetic flux distribution will change
the weight function distribution will also change. The weight
function will continue to be valuable in providing an indication of
the effect of varying velocity profile but only for a given permeability.
Since the effect on the signal level is to be considered it
is chosen to examine the effect on output signal of changing
permeability for the two extreme profiles; parabolic to give the
laminar end of the range and uniform as an extreme limit of a turbulent
profile.
Long flowmeters with axisymmetric flow profile are to be considered

so the more extensive problem of non-axisymmetric profiles is excluded.

3.5.1 Operation with Constant Field Current

The most common method used to compensate for supply
voltage variation, which would otherwise upset the calibration by
altering the magnetic field strength, is to divide the flow induced
voltage by a signal proportional to the field current. The variation
of signal with permeability for a conventional variety of flowmeter
will result. Figure 3.3 indicates first a rapid increase in signal
followed by an asymptotic behaviour. It is assumed in this work that
the fluid permeability will always be much less than the yoke
permeability, so this will not be a true asymptote. However, the
reason for this trend can be understood from a simple argument based
on an idealisation of the magnetic circuit. The magnetic reluctance
in the fluid will generally be much greater than the magnetic

reluctance in the liner since the distances will be greater in the
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fluid. As the fluid permeability increases, however, the fluid
reluctance will decrease until f§r the limit of fluid permeability
much greater than unity, the fluid reluctance will be negligible
compared with the liner magnetic reluctance. The field will then
jump the liner by the shortest path and the liner reluctance will
control the field strength. Thus the asymptotic~like behaviour
will result.

The critical point at which this behaviour starts will be
related to the ratio of liner thickness to pipe radius. The larger
this ratio the sooner it will occur. This ¢of course overlooks the
change in the distribution of the flux which introduces separate
factors.

It is possible to calculate the value of the induced voltage
when the fluid permeability is also very high. This calculation may
be simplified by making the following approximations: the value of
¢ on the inner surface of the liner will be zero and on the outer
surface will be I for 0 © < B and will be zero for B < © g m/2;
the value of Br at the inner surface of the liner will be uﬁl/t for
0 £ © <8 and zero for B < © & /2, where t ig thickness of the liner.
The first approximation is adequate provided the ratio of liner thickness
to permeability is very much greater than the ratio of tube radius to
the 'inifinite' permeability of tube and £luid. The second approxi-
mation will only be valid for an infinitely thin liner, but simplifies
the analysis greatly. -

The flow signal is given by equation (3.2) which for a uniform
profile is

0
AUEE = 2vm-g Be(r,w/2) dr (3.25)

a
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Since all the flux entering at the circumference must cross the

electrode diameter

0 8
Be(r,n/Z)dr = a S Br(a,e)de (3.26)
a 0
or
AU
?E = 2—?— (3.27)

For 8 = 69o and t/a = 0.2, the value of AUEE/(uz;V = 12 which agrees

m)
well with the value given in figure 3.3.

The design which is considered is not entirely typical, but the
trends which have been obtained should generally be applicable to
commercial designs. The effect on signal of variation of the flow
profile at different permeabilities (Figure 3.3) is likely to be the
aspect of the behaviour least able to be applied to the other designs.

It can be seen from Figure 3.3 that while for lower values of
the field coil angle the parabolic velocity profile results in a
higher singal than the uniform profile and for higher values the
reverse, a value of B = 69° gives the same sigﬂal for both profiles.

One change not calculated here is the inductance of the circuit
resulting in a lower field current for the same supply voltage. Mannherz
and Schmook (1968) note that for water a meter had a magnet current
of 1.37 amps while for a slurry containing 32.5 of magnetite by
weight the magnet current dropped to 1.27 amps. For the same change the
ratio of signal voltage over flow rate was found to increase from
1.836 millivolts per gallon per minute to 2.175 millivolts per gallon

per minute.
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3.5.2 Operation with a Search-Coil Reference Voltage

Mannherz and Schmook (1968) using a search coil to measure their
approximately uniform magnetic field and dividing their signal voltage
by this search coil voltage were able to keep this ratio constant to
about 1% for the change given in section 3.5.1.

Figure 3.4 shows the possibilities for the design which have been
considered for compensating for increased permeability of fluid using
a search coil positioned at the edge of the insulating liner. The
search coil angle has been varied to examine the effect on the ratio
with changing permeability and flow profile.

It is apparent from Figure 3.4 that with a search coil angle of
Y = 40° the ratio of flow signal to search coil signal is virtually
independent of relative permeability. Howevér there is a small change
of about 2% wheﬁ the profile changes from parabolic to uniform. Using
a field coil angle B = 69° and a search coil angle vy = 340, the
variation was much reduced.

It seems likely that a similar analysis for any design will
equally vield a best layout. Equally it does not seem necessary to
retain the uniform field limitation of Mannherz " and Schmook since

the fields which are considered have been far from uniform.

3.6 Conclusions

The behaviour of electromagnetic flow meters with magnetic
slurries has been illustrated using a convenient design of long flow
meter having a non- uniform field.

The signal variation with constant field excitation current has

been calculated and an explanation in terms of simple magnetic
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circuit concepts advanced.

The use of a search coil to provide a reference signal has been
discussed and the constancy of the ratio of flow signals to search
coil signal has been plotted for certain parameter variations. It
was suggested that a suitable layout should be obtainable which
would ensure a constant signal for any design regardless of the field
uniformity, for the restricted range of axisymmetric velocity profiles

represented by the parabolic and uniform profiles.
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CHAPTER 4

SWEPT FIELD ELECTROMAGNETIC FLOWMETERS

4.1 Introduction

The motion of a conducting fluid in a magnetic field induces
currents in the fluid. The induced currents were ignored in non-
metallic liguids because of the low conductivity, but in liquid
metals with high conductivity the effects are significant. Two

major phenomena associated with these currents are:

1) The distortion of imposed magnetic fields by the induced
currents.
2) The body forces produced by interaction of the imposed field

and the induced currents, which affects the fluid dynamics,
disrupt the velocity profile and add to the pressure drop.
The Hartmann number M(= Ba /g/n), which is the ratio of the
electromagnetic forces to the viscous forces in the fluid

is small in electromagnetic flowmeasurements. Therefore the
effect of self-induced velocity profile distortion by the
flowmeter is considered to be negligible. Wenger (1971) has
shown the effect of Hartmann number on flowmeter sensitivity
for a Hartmann number range from 1 to 1000. The results enable
the experimenter to correct flow measurements for the effect

of velocity profile distortion produced by the flowmeter itself.

In this chapter we study the first phenomena to see the extent to
which the imposed magnetic field is distorted by the induced

currents.
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The output voltage of an ideal electromagnetic flowmeter with
infinitely long, unifrom magnetic field and axisymmetric velocity
profile was given by equation 1.2. For flowmeters representative of
present industrial practice, where the magnetic field is neither
infinite nor uniform an allowance must be maae for reduction in volt-
age. Hartmann (1937) realised that the induced voltage in the fluid
decreases where the magnetic field falls off, allowing short-circuit
currents in planes parallel to the direction of flow at the edge of
the magnetic field. Boucher and Ames (1961) showed how these end
currents produce losses in d.c. MHD generators and Shercliff (1962)
gave a simple explanation for edge effects (see figure 4.1). For an
imposed magnetic field which is not perturbated too greatly, the
edge current density is of order aBVh circulating at the edges of the
field . at which the field perturbation will be a maximum. The magnetic
field induced by the circular currents at upstream is of order ucaBVm
and therefore the induced magnetic field will distort the imposed
field at the upstream edge of the magnet by a fraction of the order
Guan, (the magnetic Reynolds number). At the downstream edge the
field will be reinforced by a similar fraction. The resultant field
profile is shown in figure 4.2. The flow of liquid metal tends to
sweep the imposed field downstream and the characteristics of the flow-
meter becomes non-linear. The magnetic field distortion will vary
with magnetic Reynolds number.

The short meter with electrodes displaced downstream or a
combination of electrodes are the alternatives to the long transverse
field meter with point electrodes in the midplane. The main steps

to analyse this meter will be:

a) To analyse the field in a circular pipe for high magnetic
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Revnolds number.

b) To predict the response for the best electrode arrangements.

4.2 Magnetic Field Analysis

The extent to which the imposed field is distorted by the

induced currents is given by equation 2.7. From egquation 2.1 and

equation 2.7 it follows that

If we take the curl of both sides of equation 4.1 we obtain:

B
VxVx —

= o(V xE+V x (Vx B))

For steady magnetic field and uniform pérmeability we have
VxVxB = povx (Vv x B)

or
V(V.%) - Vzg = po V x (Y x g)

Using equation 2.3 this gives -

Vzg = -po V x (V x B)

The following assumptions are made in deriving equation 4.5

(4.1)

(4.2)

(4.3)

(4.4)

(4.5)
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a)l g, the electrical conductivity is constant
b) M, the magnetic permeability is constant and is equal to the

permeability of free space (uo).

If the velocity is axisymmetric along the axis of the pipe, the

equation 4.5 leads to

V:B = —uo oV x (—Vz(r)Bé r + Vz(r) Br e) (4.6)

~

where Br and B-e are the magnetic field components.

It follows therefore that:

aBr BBQ
2 = — —
V'E l'l'ocvz.i'(r)'az f+“06\{z(r)az ?
OB
ko v )+ V) =22 (4.7)
O ‘r ‘jr ‘" Yz r z oo I :

The expression VB is given in Appendix E and from that the
following differential equations can be derived for the r and ©

components of an induced magnetic field:

BfBr BBr ) 9% B o%p B 5 839
ir T 3c T2 % Yt TF T2 3o
BBr
= K 0 vz(r) 3;— - (4.8)

and
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2 2 2B B B
8B8+i8Be , o'B as_£+gar
3r? r or r?: 9e? 9z? r r? 3
= uo o] Vz(r) w (4.9)

To express the above equations in non-dimensional form, the

following definitions are used:

R = Mpoav, r = r/a and z, = z/a

Substituting the above definitions into equation 4.9 gives

2 2 2 3B r B
aBr LaBr*l_.aBr*_aB —Br _2_ e=Rv(l)a
et v 3r, rr 38 3z.° r,? 2 3e m Vv 9z
i i 1 1 i 1 1
(4.1C)
and
323 38 58 3?B_ B 38 v (r.) 9B
e 1 =] 1 =) o e 2 r z 1 <)
T2t 3t e e TizZ T T %8 T (4.11)
9r ry 9ry x4 2 o m 1

The effect of the induced current is expressed by the :t&¥ms on the
right hand side of both equations 4.10 and 4.11. This is the term
which produces field distortion and it will vanish for low conducting
fluids or zero flow.

An analytical solution of equation; 4.10 and 4.11 is not generally
available and this is particularly so when the equations are applied to
situations complicated by flow profile, pipe geometry or imposed field

configuration. Therefore with the help of a numerical technique a

solution is obtained for an arbitrary imposed field.
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4,2,1 Numerical Technigues

To solve the magnetic field equations we use the finite
difference approximation. The individual terms in equations 4.10

and 4.11 can be approximated in finite difference form:

hl2 h’
f{x + hl) = f(x) + hlf'(x) + 57—-f"(x) + 5%—-f"'(x) + ...
h22 h23
- = - ] = " — —— m
£(x h2) £(x) h2f (x) + 5T £" (%) I £ x) + ...,

From the above equations it is possible to find the first and second
derivatives of £(x) in terms of values of the function of points
X, X + h, and x - h2.

1

h2f(x + hl) + h f(x - h2) - (h1 + h2)f(x)

n —_ 1 . 2
f"(x) = h1h2 + 0O(h?)
5 (B + by (4.12)
2 - 2 - - 2 2
o h2 fix + hl) h, £(x h2) (h2 h, ) £(x) .o
h1h2 (h1 +-h2)
(4,13)

After the various terms in equations 4.10 and 4.11 have been approxi-
mated in cylindrical co-ordinates with a particular lattice size, as
shown in Figure 4.3 it follows that:

Br(i,j,k) = Aé(i)Br(i -1,5,k) + A3(i) Br(i+ 1,3,k)

+ A4(i)(Br(i,j - 1,k) + Br(i,j + 1,k)) # Ae(i)Br(i,j,k - 1)

+ A5 (1) Br(i,j,k + 1) + A8(i)(Be(i,j - 1,k) - Be(i, j + i,k))/Al(i)

(4.14).

and
Bé(i.j.k) = (A2(i)Be(i -1,5,%) + A3(i)Be(i + 1,3,k) + A4(i)
(Béki,j - 1,k) + B (i, 3+ 1,k)) + A (DB (i.3.k - 1) + 3, (1)

By i3,k + 1) + A () (B_(i.3 - 1,k) - B (1,3 + l,k))/Al‘(i)

(4.15)
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where
h. - h -
2 2 1 2 2 1
A (1) = ¢ + - + : ay B z + =7
1 h1h2 rl(l)hlh2 (rl(l)GG ) h3 rl(l)
h
2 1
a (1) = (¢ - - )
2 h2 (h1 + h2) z.‘l(J.)h2 (h1 + h2)
h
2 2
A_(1L) = | + , )
3 h1 (h1 + h2) r, (J.)h1 (hl + h2)
A (i) = S S—
7 (r, (1) 60)?
R v_ (i)
1 m 2z
A (1) = (= + )
© h3 2h3 -
1 Rm vz(i)
A (1) = (— - )
7 h3 2h3 VIn
S 1
Ag) = r, (11786

Equation 4.14 gives the r component of the magnetic field at
every point in terms of its value at the nearest six néighbours to
that point and the © component of the magnetic field at the two
nearest neighbours (see figure 4.3). Equation 4.15 gives the g=-
component of the magnetic field.

It is not possible to solve the equations 4.14 and 4.15
separately, therefore an iteration method with Successive Over
Relaxation method (S.0.R) has been used to solve these two

equations simultaneously.
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4,2.2 Successive Over Relaxation

A direc£ method of successive elimination cannot be applied
to solve the magnetic field équations (coupled equations}, therefore an
iterative method must be used to handle the system of equations. Using
this method it is first necessary to set the boundary conditions and
the initial guesses for all the other points in the field. From

equation 4.14 it is then possible to calculate the new value of

n+1
B . X . .
r (i,3.,k), however iteration can be accelerated by imposing a

. n+l
greater change in Br (i,3.k).

. n+l . . n,, .
ABf(l,j,k) = Bf (i,3,k) - Br (i,3,k) (4.16)
n+l . .
The new value of Br (i,3j,k) used is then:
+1
Brn (i,3,k) = B'rn(i,j,k) +R . 8B (1,3,Kk) (4.17)

where R is the relaxation factor.

In general, the higher the value of R, the faster convergence is
obtained, but values of R above an optimum value will give oscillation
in successive values of Bf(i,j,k) and excessively high values of R will
give total instability.

Once the calculation has been carried out to find the new values
of BI at all the other points the new value of BI obtained is used
to replace the old value for quick convercence.

After one sweep the new values of Br are obtained at each point,
using these values we continue to find the new value for Be by the
same method from equation 4.15. After one sweep for Be, we repeat the

process all over again until the convergence criteria is satisfied
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for both Be and Br' Convergence usually takes place rapidly once

a system has begun to converge. The convergence criteria should

normally be scmewhere in the range of 10-4 - 10-7, which is

sufficient for most purposes. There are several methods of convergence

that can be used:

1) Maximum absolute residual

2) Average absolute residual

3) Maximum absolute weighted residual
4) Mean absolute weighted residual

The last method has been employed in this investigation to

check for the convergence, i.e.:

nt n ) 1
r |B -8B "7
' -1 x b
Mean absolute weéighted residual:
nt n
§=1 |Br I

4.2.3 Boundary Conditions

The imposed magnetic field is normally symmetric ahout the pipe

centre line and the coils producing this field are placed at the top

and bottom part of the pipe. Some of these coils are analysed in
Appendicesa, B and C, WHen the velocity 'distribution is axisymmetric and

the imposed field has the symmetrical céhfiguration, it is sufficient

to analyse only 1/4 of the pipe, for non-symmetric velocity distributioﬁ

or imposed field the whole section must be considered. The spacing. of

lattices is illustrated in fiqure 4.4. The boundary conditions for

Br and B, are defined as follows. Since the finite difference terms

=]

become infinite at the centre of the pipe, the equations fail at the
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centre. To overcome this it is assumed that the magnetic field
components have flat curves (i.e. not changed) near the centre and

a half spaced lattice at the centre is used.

Sr

Br(O,Q,Z) = Br(T,e,Z)
and

B (0,0,2) = B_(£X0,z)

e I I e 2 r r

The r component of magnetic field is mirrored by the plane at
6 = 0, the © component of magnetic field is zero at this plane, and
is also mirrored by the -plane but in the opposite direction (see
figure 4.5). The © component of magnetic field is mirrored by the
plane at © = 1/2, the r component of magnetic field is zero at this
plane, and is mirrored by this plane in the opposite direction.
Magnetic field components at upstream and downstream remote from
edges of imposed field are set to zero. It is assumed that magnetic
field components at r = b, (the surface close to the imposed magnetic
‘field coil of permanent magnet pole faces) are not affected by the

induced currents and are equal to the imposed field. Later the extent

of the error produced by this approximation is investigated.

4.3 Induced Voltage

Equation 2.12 is the general form of the flowmeter equation, for
an rectilinear Velocity profile the equation becomes:

ov_(xr)

Viy = _Be __gg_—-, vz(rl (V x B)z (4.18)
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From equation 2..7 we have

VxB_ = nJ (4.19)

and from Ohm's Law we have

our
J, = U(—ég) (4.20)

Combining the last three equations (4.18, 4.19 and 4.20) gives:

§Vz(r) U
2 = —-— ——————— ——
ViU Be 5T + UL o Vz(r) = (4.21)
or
- "3 3V _(x)
¥y . 1w 13U 9%y z 3 (4.22)
— o —— = _p —=__ —
= = + oy~ + =T Be 5y + 40 Vz(r)az
In non—-dimensional form this equation becomes:
v (z,)
22U .1 U . 1 3y 3%y 9V iy U
—_— e e —— e = - —_—— > S
Brlz ) Brl * r12892 * az12 a Be ory tuoa vz(rl) 821 (4.23)

Using the finite difference approximation in cylindrical co-ordinate

gives the equation:

(L)uli + 1,3,k) + A" (i)(

uli,3,k) =(A,({UE - 1,5,k + A .

3

U(i,j = 1,k) + u(i,j + 1,k)) + A'6(i)U(i,j,k - 1) + A'7(i)U(i,j,k + 1)

avV_ (1)

. 4 . s
- a Be(l,J,k) 5;;———)/A 1(1) (4.24)
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where
h h
At @) = (hzh * 2(7)11111 * T (?)cse)2 +h2=)
12 Tt M Tyt 3
] ] 1 1 1
andAz,A3,A4,A6andA7arethesameasA2, A3,A4,A6and

A7, given before in Section 4.2.1.

The induced voltage at any point, U(i,j,k) is in terms of
the values of induced voltage at the six nearest neighbours. We use
the same method (5.0.R) as used for calculation of the magnetic

field equation to solve the induced voltage equation.

4.3.1 Boundary Conditions

The partial differential equation governing the distribution
of U the induced voltage requires a single electrical boundary condi-
tion specified at all points along the boundary of the conducting
region. Part of the boundary of the region of interest consists of
hypothetical surfaces. These surfaces are where the fluid enters and
leaves, which may be chosen to be sufficiently remote for all
electrical disturbances to have fallen to negligible proportions and
the assumption of %g-= 0 is quite correct. From symmetry it is obvious
that %g = 0 at & = 7/2 and the induced voltage is constant at @ = 0,
and it may be set to zero for convenience. The boundary condition at r=a
the fluid and pipe interface, depends on wall conductivity and contact
resistance between the wall and fluid.

It is possible to use the numerical solution of the induced
voltage equation in the wall as well as in the fluid and satisfy the

boundary condition at wall and fluid interface from these two solutions.

However to save ' computing time it is assumed that the pipe is thin
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e.g. the wall conductivity number is much smaller than unity:

wOo
d(= -—w) << 1
aUF

4.3.2 Thin-wall Boundary Conditions

Let Uw the conductivity of the pipe material be uniform and
the contact resistance between the fluid and the wall be t. Here it
is assumed that T is also uniform, although in practice it is well
known to be very variable, both in time and space (Shercliff, 1962).
It is not even always realistic to take the contact voltage drop as
proportional to normal current density. However, use of a constant
T enables us to explore the effect of contact resistance without too
‘much mathematical complication. Figure 4.6 shows a portion of thin
wall, the flow being in the z-direction.

Let Jw denote the total current in the wall at any point per

unit length of pipe, it therefore follows:

{w = (Jew ? + sz E) (4,25)
where
. WO U
_w W
Jew = —é_ 's'e—- (4.26)
and
wo 3y
J = - PyX (4.27)

Zw A
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leading to:
o BUw o au
Jw = w(-— - e - Wz g) (4.28)

The electrical current is continuous at the fluid and wall

interface and Jw varies in accordance with the equation:

ow Zw (4.29)

Jrf is the current density in the r-direction in the fluid at
the fluid/wall interface. Combining equations 4.26, 4.27 and 4.29

results in eguation 4.30 below:

w g 9l 9l

19 W W 9 w g W
a d® (- a ae )+ oz (- Y 3z ) = Jrf (4.30)
or
1 azuw 82Uw 20
d(-é.—z BT-'I- 521—) = ;("a‘r—+ Vz(r) Be) (4.31)

At the interface between the fluid and the wall there is a volt-

age difference where the normal current traverses the contact resist-

ance. This is expressed by the equation:

(4.32)

or
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18]

£
Uw = Uf + 7T cf (ar + Vz(r) Be) (4.33)

From equations 4.31 and 4.33 we obtain the partial differential

equaticn for induced veltage at the fluid/wall interface.

au

d 22 £
= saa(Uf + T cf(sg— + Vz(r) Be))
3 80 1 e
+d‘a—z‘2(Uf+T O'f(sr—+ Vz(r) BS)) '—'; (sr—+VZ(r) BS) (4.34)

T 0 | , .

If Cr =7 is the contact resistance number equation 4.34
becomes:
3y

- f
(3;;-+ vz(rl)a Be)

32
d P (Uf + Crv

52 BUf auf
+ d — + = —
azzl (Uf cr (ar1 + yz(rl) a Be)) arl + vz (rl)a Be (4.35)

To represent the boundary condition more accurately at r = a

a central difference formula is used:

where U(a + 8r) is the fictitious voltage at the external mesh point.
The voltage U(a + 6r) is unknown and necessitates another equation.
This is obtained by assuming that the induced voltage equation is

satisfied at r = a. Now by rewriting equation 4.35 in terms of
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u(a + 6r,9,z), fictitious voltage and induced valtage equation at

r = a we can calculate the induced veltage at the external mesh point:

Ui, +2,3,%) = (.U, + 1,3,k - 0,.Ui,3,k) +

Q3.(U(i1 + 1,3,k) + U(i1 +1,35-1, kK)) + Q4.(U(i + 1,5,k + 1)

+ U+ L3,k - 1) 4 Qe (UG, + 2,3 + 1,k) + U, + 2,5 - 1,k

—U(il,j + 1,k) - U(.il,j - 1,k1))+ Q6.(U(_i + 2,3,k + 1)

1

+ U(_i1 + 2,3,k - 1) - U(il.j,k + 1) - U(il,j,k - 1))+ Q7)/Q2

(4.36)

where
1 1
Q = “2dlg ¢ 6215)
_ 2% 1 1, 1
QT T T TE I
a
9B = ¥
d -
Q@ T &
d ¢
% T Im e
a c
r

% = g
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Q7 = (4 c. vz (i1 + 1) a)

[ (Be(i1 + 1,5 + 1,k) + Be(i1 + 1,5 - 1,k) - 2Be(i1 +1,5,k))
§e?

(Be(i1 + 1,35,k + 1) + Be(i1 +1,5,k - 1) - 2Be(11 + l,j.k)]

g 2
621

- VZ(J.1 + 1) a Be(l1 + 1,3,k)

4,4 Results

A computer progfam has been written to solve magnetic field
equations utilising the S.0.R. method and employing several accelerated
convergence techniques. The program can handle an axisymmetric
velocity profile and symmetrical imposed field. The values of
magnetic field close to the coil are calculated from direct analyses
of the coils (rectangular or diamond) and in the case of permanent
magnets the measured values are given as boundary values. The effect
of relaxation factor on convergence is shown by figures 4.7, 4.8
and 4.9. These are plots of the mean weighted absolute residual
as the iteration proceeds for a number of relaxation factors. The
optimum relaxation factor in calculating the magnectic field components
is about 1.6, while the induced voltage egquation converges most

rapidly with a value of about 1.4. A relaxation factor of 2 or
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greater makes the system of egquations unstable.

The numerical solution of induced magnetic field and induced
voltage eguations makes it possible to analyse any flowmeter
with symmetrical imposed field. The solution is valid for a
wide range of magnetic Reynolds number and axisymmetric Velocity
profiles. The effect of wall conductivity and wall contact
resistance can also be predicted. Here the flow of sodium in the
.356m diameter pipes of a fast breeder reactor with a typical

sodium temperature of 400°C ana the maximum Rm of 5 is studied.

4.4.1 Saddle Coil (Concentric Type) Flowmeter

The configuration of the coil is illustrated in Appendix
A where an analytical formula for induced magnetic field is
derived. This solution will provide the‘magnetic field components
at the boundary, where r = b. The specifications of the coil

are

coil diameter = three times the pipe inside diameter
coil length = two times the pipe inside diameter

s o
half coil angle = 80

magnetic field strength at the centre of coil = 3.404 mT

no contact resistance (Cr = 0) and wall conductivity

number {(d) = .044
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The coil has 100amps and 26 turns per component coil.

The results of this analysis are presented in figure 4.11 to
figure 4.18. Figure 4.11 shows the magnetic field distribution in
the plane © = 0. The high magnetic Reynolds number (Rm = 5) has
swept the imposed field downstream. Figure 4.12 shows how the size
of magnetic Reynolds number affects the distortion of magnetic field
and magnitude of induced field. The change in sodium temperature
affectsthe distortion, since a change in temperature would cause a
change in the sodium conductivity, causing abchange in the magnitude
of the eddy currents. The magnetic field distribution was then used
to obtain the induced voltage and is illustrated in figure 4.13. The
induced voltage at the inner and outer surface of the pipe is equal,
because the contact resistancé between sodium and wall is ignored.

Figure 4.14 shows the induced voltage distribution along the
pipe for point electrodes at @ = 7/2 and r = a and various values of
magnetic Reynolds number. The effects of velocity profile are shown
in figure 4.15. The results indicate that there is a position of
electrodes that gives an equal signal for uniform and parabolic
velocity profile and downstream of that position the signal is higher
for uniform velocity and upstream of that the signal is higher for
parabolic velocity. Figure 4.16 illustrates how the wall conductivity
number d, causes a drop in signal and there is also a further drop
due to the contact resistance number Cr’ and the voltage drops are
maximum at one diameter downstream of flow. This is because the end
currents enter the wall at maximum rate at this section of pipe. The
induced voltage is non-linear for electrodes in the midplane of the:flow-
meter and this is shown in figure 4.17. Figure 4.18 shows the induced
voltage from six electrode locations, and the signal is nearly linear

for :electrodes positioned at one diameter downstrezm.
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The sensitivity defined as:

AU
2avVvV B

m o
(where B, is the magnetic field at the centre of the flowmeter for
no flow), is calculated for two positions of the electrodes and two
velocity profiles and three values of Rm' The results are given in

table 4.1.

4.4.2 Diamond Coil Flowmeter

The configuration of this coil is shown in figure C.1 and the
analytical formula for induced magnetic field is derived in Appendix
C. The specifications of the diamond coil flowmeter ére identical
to the saddle coil used in section 4.4.1. The magnetic field at the
centre of the coil is-Bo = 2.44 mT.

The distortion of magnetic field is shown in figure 4.19.

The induced voltage distribution along the pipe for point electrodes
at ® = 1/2 and r = a and three values of magnetic Reynolds number is
shown in figure 4.20. The effect of velocity profile is shown in
figure 4.21.

The induced signals from six electrode locations are shown in
figure 4.22, and the signal is nearly linear for the electrode
positioned at one diameter downstream. Again the sensitivity of the
flowmeter for two positions of electrodes, two velocity profiles and

three values of Rm are calculated and are given in table 4.2.
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4.5 Discussion

Earlier it was assumed that the magnetic field at the surface
close to the coil was not affected by the induced currents. This
surface has a radius of b and is not so close to the coils as to make
the calculation of imposed field impossible at this surface. Generally
the distance of two or three wire diameters are suffiéient.. To see the
magnitude of the error produced by this assumption a very simple method
is used. The end currents have a maximum radius of a (the radius of the
pipe) and this is shown in figure 4.10. The magnetic field at the
centre line of this current loop is

uo I a

B, = (4.37)
o w22

This equation shows how the induced field drops with r, the
distance from the axis of the current loop. Therefore the ratio of
induced field at r,the distance from the centre of circle, to induced

field at the centre of circle is

i 1
= (4.38)
Bio (14 (§)2)3/2

The calculation gives Bio = 2.1 mtesla for a magnetic Reynolds
number of 5. The radius of the coil is ;hree times the pipe radius and
hence the equation 4.38 suggests an induced field of .066 mtesla at
the surface. This is only 1.7% of the imposed field at this point.
This error is less for lower values of Rm. The nature of end currents

is to increase the imposed field downstream of the coil and to reduce

the field upstream and this introduces a maximum error of +1.7%
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downstream and -1,7% upstream. The opposite sign of the error
at the two ends will produce practical errors less than 1.7% for a

magnetic Reynolds number of 5.

4.6 Conclusions

The magnetic field and flowmeter equations have been presented
for the case when the effect of magnetic Reynolds number may not be
ignored.

In addition the magnetic field equation is solved numerically
in three dimensions, using a cylindrical co-ordinate system and taking
into account the effect of magnetic Reynolds number. The flowmeter
equation is also solved numerically using the magnetic field distribution.
obtained in the first part of this chapter(Section 4.2).

Two types of short air cored coil, namely saddle coil (concentric
type) and diamond coil are examined.

The results show that the berformance of flowmeters with electrodes
located in the middle of the coil, becomes non-linear with increasing
magnetic Reynolds number. The results also show that linearity can
be achieved by displacing the electrodes downstream of the midplane.

This was also observed by Turner (1960) and the theoretical results
obtained here confirm his experimental observation.

The only disadvantage of this method is that the linearity is
obtained with respect to magnetic Reynolds number not the flow rate
and therefore any change in fluid temperature will affect the perform-
ance of the flowmeter. This type of flowmeter is capable of working, over
a wide range of flow rate. However, where the problems of field
sweeping exist, the change of temperature must be small, unless a

continuous check on fluid temperature is maintained.
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In Chapter 6 a method is established for eliminating the effect

of fluid temperature.

Note on uncertainty due to unknown ¢

If o is unknown but Rm is known to be given by
O<R <5
m
the sensitivity for the saddle coil flowmeter (for example) with
electrodes one diameter downstream and uniform profile will be in the
range

.676 < 5§ < ,802
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CHAPTER 5

WEIGHT FUNCTION FOR SWEPT FIELD FLOWMETER

5.1 Introduction

The previous weight function approach on the induced voltage
electromagnetic flowmeter was concerned with low conducting fluids,
where the induced currents in the fluid are negligible and the induced
magnetic field by these currents 1s not strong enough to influeﬁce
the imposed field significantly. PFor the case of liquid metals
however, the conductivity is high and therefore the induced currents
will distort the imposed magnetic field. In this chapter a weight
function is derived Ffor the induced voltage flowmeter with a disﬁortgd
field. This weight function will be a function of magnetic Reynolds
number, but a position of the electrodes is to be found where a
weight function distribution independent of magnetic Reynolds number

oCccurs.

5.2 Theory

Bevir (1970) gives the relation for the flowmeter signal (see
equation 1.8). This equation has been derived with no restriction on
magnetic field shape and fluid conductivity and therefore it is still
valid when the induced currents are not ignored. Volume of integration
is restricted to the moving fluid becau;; V=0 outside it. I, the virtual
current density is determined by the electrode shape, electrical
condition on the flowmeter wall and the conductivity distribution of
fluid if this is non-uniform. Bevir (1970) assumed that the induced

currents were negligible and calculated the magnetic field distribution

from the following equation:
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V2F = O (5.1)

where

B = VP (5.2)

But when the conductivity of the fluid is high-the induced currents
cannot be ignored and therefore we used the magnetic field distribution
found numerically in Chapter 4.

The virtual current is expressed by the egquation:
J =-0Vu (5.3)
v

v

If we take the divergence of virtual current and assume that

conductivity of the fluid is uniform. we bbtain:

Viu = 0 (5.4)

The distribution of the virtual current may be found from the

'virtual voltage' equation 5.4.

5.2.1 Boundary Conditions

The boundary condition of r = a is the same as equation 4.34

when the fluid velocity is zero.

U 3u 90U
92 ( v 92 vE vE
i (u v o ) =
d 3e? vE + Cr dr 1+ d 3z,2 (va * Cr dr dr

(5.5)
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The definition of virtual current requires a unit current density
at the electrodes, but for easy computation it is assumed that the
induced voltage is constant (UO) at electrodes, therefore from

equation 4.33 we have

) (5.6)

The virtual voltage downstream and upstream (and sufficiently

remote from electrodes) is chosen to be zero. From symmetry it is

18]
obvious that 2 = 0 at ® = /2, the virtual voltage is constant

8
at & = 0 and is taken to be zero for convenience. With the help of
these boundary conditions and the numerical technigue, successive over
relaxation (S.0.R.), the Laplace equation for virtual voltage in
three dimensions has been solved. The real virtual voltage at

any point when unit current density is set at the eletrodes is given

by:

(=}

(5.7)

<
5«

where U' is the virtual voltage when the voltage at electrodes is UO.
v

Im is the current in the midplane of the pipe:

a (2]
I = 4 J' 53’ dr dz (5.8)
m

o Yo

At the midplane the current perpendicular to this plane is

Je (see figure 5.1). Hence from equation 5.8 it follows that:

I = 4
m

ob—a

(u( Jef dr + Jew) dz (5.9)
o
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where

g w
w ava

Jew = - a 06
putting this in equation 5.9 gives:
2 ! T 3y
Im = 4 a Gf (a -E;» dr1 ~-d 35 )dz1 (5.11)
o o)
where
Jor 1 %U,g
= = - = 5 at r1 = 0
£ a T
and
Jor 1 e
<. T Ta %®
£ 1 for o<r1§:1

(5.10)

If the velocity consists of a z-component only it follows from

equation 1.8 that:

Au = jv . W dar (5.12)
z z

[
(=
1l
<
|

400
where ﬁ; = .I Wz dz is called the mean weight function and

oo

ds (5.13)
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W = (BxJ) (5.14)
- vz

or

W = (B_J -B_ J ) (5.15)
r v

putting the virtual current density components from equation 5.37in

equation 5.15 gives:

) (5.16)

At & = 0 it follows that Be = 0 from the symmetry of meter, and

therefore:
1 BUV v
WZ = O'f Br (-; -é-e_—) {5.17)
At & = /2 we have Br = 0 giving:
BUv
WZ = Of Be (= gr—) (5.18)

At the centre of the pipe equaﬁion 5.18 has been used when WZ

is calculated.

5.3 Results

The finite difference approximation and successive over relaxa-—
tion method has been employed again to solve egquation 5.4 giving
the weight vector distribution. The wvirtual voltage

is a maximum in the plane of electrodes and drops rapidly along the
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z-axis shown in figure 5.1. Therefore to find a more accurate weight
vector the grid must be finer in the z-direction. Finer grids are
used in calculating the virtual voltage. "Lagrangian interpolation"
(see Appendix D) is applied to calculate magnetic field components
which can then be found from coarser grids. The mean weight function
distribution has been found for different positions of the electrodes
along the pipe and is presented by figure 5.2 through 5.6.

Figure 5.2 shows the mean weight function at the cross-section
of the conducting pipe with wall conductivity number of .044 and
the electrodes positioned at the midplane of meter and no flow. The
imposed field is produced by the short saddle coil identical to the
one used in Chapter 4. A similar plot when the magnetic Reynolds
number is 5 is illustrated in figure 5.3. Figure 5.3 for Rm =5
shows that the high value of magnetic Reynolds number has changed
the mean weight function distribution from the form presented by
Shercliff, which is similar . to figure 5.2 when R = 0. This

change of distribution produces a non-linear signal, this being

obéerved from results obtained in induced voltage analysis. The calculation
shows that with electrodes shifted to the edge of the coil (one diamter
downstream) the mean weight function distribution becomes identical

for a magnetic Reynolds number range of O to 5 and the signal becomes
linear. This is shown in figure 5.4. This again gives the expected
results which were found in Chapter 4 with a different method of analysis.
The effects of wall conductivity and imposed field configuration are shown
in figures 5.5 to 5.6. If we compare figure 5.2 and 5.6 we can see

that the diamond coil flowmeter is less sensitive to velocity profile

than the saddle coil meter as it gives a more uniform mean weight

function distribution. Figure 5.5 shows that a non-conducting wall

produces a smaller mean weight function at the wall and shows that by
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increasing the wall conductivity it is possible to obtain a more
uniform mean weight function as observed by Bevir (1970) when he

used large electrodes,

5.4 Conclusions

The weight function analysis is more useful in flowmeter design
because adjustments can be made to the electrode or field configuration,
to obtain a flowmeter with a uniform mean weight function and therefore
one independent of velocity distribution. Here it is shown that the
flowmeter with point electrode , positioned atvthe middle of the
field gives a non-linear signal. and moving the electrodes to the
edge of field gives a linear signal which is not affected by magnetic
Reynolds number. The flowmeter with electrodes positioned at the
edge of field cannot be accepted as the final design as a change in
temperature will affect the fluid conductivity, magnetic Reynolds
number and therefore the signal. The results show that-a design
with series o0f electrodes along the pipe integrated voltage flowmeter
is immume to conductivity changes. ' In the next chapter
it is shown that the integrated voltage flowmeter will have a mean
weight function which is unaffected by changes in the flowrate or

fluid ceonductivity and a signal proportional to. flowrate.
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CHAPTER 6

INTEGRATED-VOLTAGE FLOWMETERS

6.1 Introduction

It has been shown that swept field flowmeters, with electrodes
displaced one diameter downstream, have a linear characteristic but
are affected by changes in conductivity. Therefore the aim of this
part of the work is to design a flowmeter which gives a linear per~
formance and is immune to any conductivity change due to temperatursz
variation.

The end currents downstream will induce a field in the
direction of the imposed field which adds to the field, but the end
currents upstream induce the field in the opposite direction to the imposed
field and therefore reduce the field (see figure 4.2). The distortion
of the’'imposed-field leads to a distorted induced voltage and gives a
non-linear signal. Therefore an increase in field downstream
increases the induced voltage and a reduction of field upstream
reduces the induced voltage. Shercliff (1962) suggested integration
of the signal along the pipe to eliminate the effect of the non-
uniformity of the transverse field. In this chapter a theory for
integrated-voltage flowmeters is given and it is proved by two
independent methods that they have a linear performance which is not
affected by :the conductivity change. Finally a few examples are

given to confirm the theory.
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6.2 Induced Voltage Solution

6.2.1 Theory

In analysing the ordinary flowmeter it is assumed that induced
currents have no effect on the applied magnetic field (V x B = 0},
and therefore the magnetic field distribution may be found from a
potential functicn equation 2.!l.. In liquid metal flowmeters the
induced currents cannot be ignored as they have a significant effect
and they modify the applied field. The z-component of induced
current density is given by equations 4.19 and 4.20 and from these

equations it follows:
(V x B) = po (- 255 CN&*“\ (6.1)
Y2 Sy : Wl b _

Expanding equation 6.1 gives

9B
9 r, _ U
(5;'(r Be) —-ﬁsﬁ = na (- 5;) (6.2)

1
r

The integral of the magnetic field components is defined as:

B =5 By dz (6.3)

and

B =j B dz (6.4)
by X
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The integral of equation 6.2 from z = =@ to 2z = +x
is
+a +o0
1 .3 3 _ U
< {-a—-l;- (rJ By dz) - 5 j B, dz} = n of J 5o dz) (6.5)

In the derivation of eguation 6.5 it was assumed that the
velocity had only a z-component and fluid permeability and fluid
conductivity are ceonstant in that direction. The induced voltage
at 2 = *= is zero as the magnetic field is zero, therefore eguation
6.5 becomes

aEr

1,9 -
T ('a—; (r Be) —'é"é—). = 0 (6.86)

Equation 6.6 proves that the following relation between the

scalor (b (integral of potential function) and B (integral of magnetic

field) exists

'154,: v E (6.7)

or

B/’)"_‘

g ol

— +00
r + 1 & e +J g dz - (6.8)
~ r 398 =« ~

(b may be assumed equal to zero at z = *« and hence the equation

6.8 becomes:

B/,’=

g o

t R
+

N =

o1& |

t D

(6.9)
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The integral of equation 2.3 from z = -® to 2z = +%
leads to:
v.B = 0 (6.10)

and from equations 6.7 and 6.10 the following equation results:
2 = 0 (6.11)

The solution of equaticn 6.11 gives the integral of magnetic
field components. The solution is in two dimensions and is
independent of the z-axis. The boundary condition for the diffemential

equation 6.11 is, in an integral form:

+o0

-

¢, =j o dz (6.12)

-0

Q)is the value of the magnetic potential at the pole-pieces of
flowmeter. The differential equation for induced voltage was given
by equation 4.22 and the integral of induced voltage along the z-axis

is defined as:

U = j U dz (6.13)

As z - +o outside the field, U and %g-tend to zero and therefore

4o

ou
J -a—g dz = 0 (6.14)

-0



and

76

400
32U
Jazz dz = 0

The integral of equation 4.22 along the z-axis after the

substition of equations 6.3, 6.13, 6.14 and 6.15 is

The r-component of current density at r = a is

3u
Jg, = ol E—Vz(a) Bg)

The integral of equation 6.17 is

+c0 _
- _ 9y _ B
J Jr dz = g/ T vV (a) BG)

Equation 6.18 for 2 non-conducting wall becomes

6.2.2 Solution

(6.15)

(6.16)

(6.17)

(6.18)

(6.19)

The following solutions have been found for a flowmeter with
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point electrodes, and an infinitely long transverse field, are used to
find the signal for the integrated-voltage flowmeter with a short

imposed field.

The solution of the induced voltage equdftions for a non-uniform
magnetic field in the cross-section of a pipe with point electrodes

was given by Baker (1968b):

U =-

r
%j tv,t/or) + v, @@/o/D)} B, (p,0) ap (6.20)
(o]

Using this equation for an integrated-voltage flowmeter

gives:
r
U = - % I {vz(/5.?) + v, (a/o/r)} Ee- (p,8) dp (6.21)
(o]

The signal for electrodes at r = a and © = 7/2 will be

a
AU = 2j vz(/"p'é) B—e (p,7/2) dp (6.22)
(o]

Integrated-voltage flowmeters with magnetic slurries

In Chapter 3 a solution was given for a flowmeter with point
electrodes and a reference coil, which had a performance immune from

fluid permeability changes. The solution was obtained assuming that
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the conductivity is not so high as to permit induced currents to
modify the imposed magnetic field. This restriction for conductivity
is not necessary any more. Instead of using equation 2,11 to find
the magnetic field distribution equation 6.11 can be used, which has

no conductivity limitation. Therefore equation 3.18 becomes

8u. ¢ ° Sin(2m + 1)B Sin(2m + 1)@ br, 2m + 1
- £ 7o (=)
Bef (r,e) = —-—T-T-;-_—-—— z 2 (2m+1) } a?
[ I - (= - LS ’
=0 {(u n- & (n 1)
(6.23)
where

(bo = 241 (6.24)

and 2£ is the length of pole pieces.

Put equation 6.23 in equation 6.22

a

2m + 1
- 32u Lt . -1)" sin(2m + 1)8 v(/ra) bz, " ar
B m 2(2m + 1) r ‘a
m=0 {p' - 1) - @ (p'+ 1Yo
(6.25)
For a uniform velocity profile equation 6.25 reduces to
- 32“3‘3‘7111‘EI (—1)m Sin(2m + 1)B b,2m + 1
AU = —————01 1T = (=)
‘ - L 2(2m + D) a
T on sy -1 - ) (' + 10}
(6.26)

and for a parabolic velocity profile equation 6.25 reduces to
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£
= _ e (=1)"Sin (2m + 1) p B+ 1
T b 2(2m + 1) ‘a
m=0 (m + 1) (2m+1){(p.'—1)-(;‘ * + 1)}
(6.27)
The integral of the r-component of magnetic field at r = a
and 8 = vy is
-lep L1
T (ay) = Pe Sin(2m + 1)BCos(2m + 1)y b 2m + 1
r Ta L 2(m + 1) )
m=0 {(u'- 1) - <) (k' + 1)}
(6.28)

The value of E;(a,y) may be found by fitting a search coil at
r=a and @ = vy and extended along the pipe. The sensitivity of this flow-

meter is defined as:

5§ = - (6.29)

Equations 6.26, 6.27 and 6.28 are similar to equations 3.20,

3.22 and 3.23 in Chapter 3 with an extra terxm, 2£, the length of the

pole pieces. The design explained in Chapter 3 with infinitely long
pole pieces may be changed to one with “short pole pieces, length 2£,
infinitely long integrating electrodes and a search coil at r=a and

6 =Y which is long enough in the z-direction to integrate the r-component
of magnetic field along the pipe. This design with coil half angle

R = 69o and a search coil angle y = 34° gave a sensitivity which is

proportional to the length of the pole pieces.
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(see figure 6.1).

Thatcher (1971)

The field distortion and its effect on sensitivity was investi-
gated for the rectangular transverse uniform field and the flow of
liquid metals in a channel with insulated walls (see figure 6.2). It
was assumed that the applied field was uniform for all x and z less
thanf but greater than-£ and having only a y-component. The imposed
field is zero everywhere else. The velocity is uniform and is in
the z-direction. The solution given by Thatcher does not seem to
be correct, while the correct formulae for induced voltage distribution

are as follows:

® nog Tz =8y (z+ 0

ZVﬁB (-1, Sinanx (e - e
¢ - 2 LT &n (v~ 6_) }
n n
n=1
(6.30)
¥
v B o (1) § sSin ax e niz - 4
U = mo{z Il R} _-a;x—
a a? (v -6 B
n n n
=1
Gn(z + £)

(-l)n Y 8Sin a xX:e
e n

- I a (y. -8) } (6.31)
n n n

g )
2v_ B -0y sin axte "7 T L) n(z + L)

} (6.32)

a azn (Yn - Gn)
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where
ya = ([R_+ (R* + 4(a a)’);’)/ﬁ
n m m n
§a = (R - (R? +4(a a)?) b
n m m n

and
a, a = (2n - 1) n/2

The induced voltage for electrodes at x = *a will be

AU

and from

AU

and from

= U(-a) - u(a)

equation 6.33 and 6.30 the following is obtained:

B e 6 (efg® Bzt
m Q n
= {z 5
n=1 n n n

for z< L

equation 6.33 and 6.31:tke following is obtained:

4 B @ . —.e, ..
o - Smle 7 el ]
= 5 - -
n=1 a n(yn 6n) . 2 =1
8
Yn e n(z + p) }
2 —
a n(Yn Gn)

for =€ <z <4

-(6.33)

(6.34)

(6.35)
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and from equation 6.33 and 6.32 it follows that:

$ §
v B, = Y (o Rhlzt) _ Tz + L)

_ m_ o (
AU = —/— I =5 7 =3 (6.36)
n n n

n=1
for z >4

The signal from the integrated voltage can be calculated by
integrating equations 6.34, /.35 and 6.36 along the channel.
The result after integration is a very simple term given

by equation 6.37.

AU = 4B v al (6.37)
@] m

and from equation 6.37 the sensitivity is given by:

2L (6.38)

|
i

which 2£ is the extent of uniform apgplied field.
The above resultrcould be found directly from the differential

eguation, which is, (See Thatcher 1971)

3*u o’y _ 3y

ax? + 32 MO Vm 0z 6.39
and the becundary conditions are: -

ol U

—_— = — = = +co

5% 3z 0 at z
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v _ _ Vv B at x = *a for -f<z<l
9x m o
and
U
= 0 . at x = #a for z<f and z>-. 4

The integrals of differential equation and boundary conditions

using equation 6.13 are

= = 0 (6.40)
and

W . v B at x = ta

9x m o

The solution of the differential equation 6.40 with the above

boundary condition is
U = -28v_ B x (6.41)
m o

and the signal for the electrodes at x = *a, using equation 6.33,

is:
AU = 4al B V
Q m

which gives the sensitivity as found before in egquation 6.38.



84

Numerical Example

In Chapter 4 the induced voltage distribution was found for a
short saddle coil. The integral of the signal, for electrodes at
6 = 1/2 and r = a, along the pipe was calculated for different values
of magnetic Reynolds number and uniform or parabolic velocity profiles.
The sencitivity of the integrated-voltage flowmeter based on these
calculations is given in table 6.1. Table 6.1 shows that the
sensitivity of a saddle coil flowmeter is ‘constant for different
values of magnetic Reynolds number and the slight difference for R of 5
is due to computational errors.

The change of velocity profile has little effect on the
sensitivity. The table also shows that for two cases with magnetic
Reynolds numbers of 5, one with a conductivity double the other
and a mean velocity half of the other, the senstivity is the same.

This proves that the sensitivity is not affected by fluid conductivity.
The effect of wall conductivity number (d) and contact resistance number
(Cr) on sensitivity is given in table 6.2. Table 6.2 sﬁows that the
results from the numerical solution are in very good agreement with
those found from Equation 2.18.

Table 6.3 gives the sensitivity of a diamond coil flow meter
for three values of magnetic Reynolds number and two velocity

profiles.

6.3 Weight Function Solution

It is more useful. to use the concept of the weight function
when analysing electromagnetic flowmeters. Shercliff (1962) and

Bevir (1970) have done this for flowmeters where the imposed magnetic
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field is not distorted by the induced currents. 1In the following
section this is extended for integrated-voltage flowmeters used
with liquid metals.

The divergence theorem of Gauss is:

IV.A dr = J A.ds (6.42)

and from this equation it follows that:

(UmJV - UVJm).q§ = {V.(UmJV) - v.(uvgm)} ar (6.43)

s,+*s T

where s1 and 52 are the surfaces around the electrodes and T is the
entire volume of the meter.

From equation 2.5 it follows that:

v.J© = 0 (6.44)
v.g = 0 (6.45)

EV is the virtuwal current and UV is the virtual voltage, which
would occur if unit current entered at r =a and 6 = 7/2 and left
at r = a and & = -71/2 with no fluid motion. 2? is the induced current
density and g™ is the induced voltage, with fluid motion.

Substitutions of equations 6.44 and 6.45 in equation 6.43 leads

to:
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W -udH.ds = (g .vu® - J%.vy ) dr (6.46)
~V Ve ~ ~V ~ v

The virtual current is zero everywhere on the outer surface of
. . m .,
wall except at the electrodes where it is unity and J 1is zero because
no current 1s drawn during the operation of the flowmeter. Therefore

the left hand side of equation 6.46 becomes:

400
m m m m
(U {V - UV{ xq; = (02 - U1 ydz (6.47)
Sl+52 )
and
<00
AU = w.™ - v, Maz (6.48)

The right hand side of equation 6.48 will lead to eguation 6.49

if Ohm's Law is used.

AU = -o(V x B).V U_ dr (6.49)

Applying Ohm's Law to the virtual current density in equation

6.42 gives:

Au = (¢ x B).J_dr (6.50)
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Equation 6.50 may be written in the following form:

AU = V.(B x JV) dr (6.51)

where W = B x J, and is called the weight vector by Bevir
(1970). For an integrated-voltage flowmeter the distribution of JV,
the virtual current is two dimensional and is not a function of =z.

If the velocity is a function of © and r we obtain:

AU = v.Wds (6.52)

where

1=
l

W dz is the mean weight function and can be found
from equation 6.53.

W = Br Jve - Be JVr (6.53)

where E; and Eg are defined by equations 6.3 and 6.4 respectively and

are calculated from equation 6.11., The distribution of wirtual current

-

density may be found from equation 6.54.
v2y = 0 (6.54)

The mean weight function for the integrated vdltage flowmeter

is not affected by velocity profile, flowrate or conductivity of the
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fluid and if the mean weight function is uniform the signal is

proportional to flowrate.

6.4 Method for Integrating the Signal

The integral could be evaluated experimentally with reasonable
precision from readings taken at a small number of electrodes along
the pipe. One way of combining the readings would be to use two
passive networks of resistance (high compared with the fluid but low
compared with the voltage measuring device), this is shown in figure
6.3. If U is the output signal and Un is the voltage for the electrode

at Z then it follows from Ohm's equation:

1
U2 - U = 11 R2
U3 - U = 13 R3

(6.55)

Because no current is drawn out of the meter during the operation,

it follows that (Kirchhoffs Law):

1
o

i, + i, +i, + ... + 1 (6.56)
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and from egquations 6.55 and 6.56 we obtain

. (6.57)

wIHC!

NINC:

w|wc
|

por
o
w
2

1 11 1
U 4 ot = ..+ 2) =
R, Ry Ry Ry

or in general equation 6.57 becomes

n=l o (6.58)

The values of Rn can be calculated and depends on the method
of integration. For example, if a simple method of adding the
signal is used, for which the resistances are equal, then equation

6.59 becomes

g = XL . (6.59)

U = NU (6.60)
The Gauss-Legendre quadrature method can be used which gives
+1

a_ £(z ) (6.61)

-1
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N U
In equation 6.58 it is necessary to find the value of I (EBQ
n=1 "n

which is the integral of the signal. The values of Rn and the
positions of the electrodes with respect to each other can then be
found by selecting the number of electrodes from the the values of
o and z

n n’

6.5 Conclusions

It has been shown that the integrated voltage flowmeter may be
used wherever . the problem of field distortion and induced voltage
distortion exists, due to field sweeping, because of the short
length of imposed magnetic field and high magnetic Reyneclds number.
This flowmeter will give a signal proportional to flowrate and is not
affected by conductivity changes in the fluid. Tt was also shown that
the non-linearity because of the magnetic property of the fluid can be
overcome by using a reference coil at the appropriate position at
the liner but long enough to integrate the field along the pipe at

that angle.
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CEAPTER 7

SWEPT FIELD FLOWMETER EXPERIMENTS

7.1 Introduction

The experimental rig described in this chapter gives an
analogue of sodium flow in the FBR and was designed to simulate flow
up to a maximum magnetic Reynolds number of about 1.5, with reasonably
steady measuring conditions. Measurements were also carried out for
Rm greater than 1.5 but the velocity was not steady and therefore
higher errors resulted. A sketch of the rig is shown in figure 7.1.
A 5cm diameter aluminium rod was used to simulate-a uniform flow of
sodium in a non-conducting pipe. The rod was driven through
a system of belts and pulleys, the pulleys in turn being driven
by a pneumatic cylinder. The aluminium rod was supported on an
aerostatic track and has coaxial guides. The complete driven system,
rod, pulley, belts and track were contained in a common support
frame.

The system of pulleys situated near the centre of the frame
transmitted the drive from belts fitted to the double ended pneumatic
piston to belts attached to the rod. This design is a modification
of the rig built to investigate flux distortion flowmeters (see
Baker et al 1974).

The objective of the experiments reported in this chapter
is to Verify the predictions obtained numerically in chapter 4.

The aluminium rod needs to be moved at high speed for a short time,

and many of the design problems were due to the high acceleration and
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deceleration needed to achieve a constant rod velocity over a short period.
This was overcome with an effective braking system at the end of the stroke.
The design of electrodes also created a problem, the contacts of

the electrodes with the surface of the rod would cause corrosion and signal

noise. Various ideas were tried and the final design is the carbon brushes.
Electrodes are spring loaded for constant contact with the rod to measure

the induced voltage across the diameter of the rod.

7.2 Mechanical Design

The experimental rig consists of:

1. Base Frame

2. Pneumatic Drive Cylinder
3. Drive Belts and Gears

4. Aluminium Rod

5. Flowmeter Agsembly

7.2.1 Base Frame

The total length of the base frame is about seven metres and
consists of eight hexagonal loops connected lengthwise by two square
and two rectangular section steel members. The pneumatic cylinder,
gears, pulleys, aluminium rod cuides and permanent magnets are supported
by this frame (figure 7.2).

Care was taken in the design to avoid steel in the vicinity of the
magnet assembly and the hexagonal frames at that point are made of
wood. The shocks from the sudden accelerations and decelerations due

to high speed operation were reduced by supporting the frame on foam
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pads.

7.2.2 Pneumatic Drive Cylinder

This is operated from the shop air supply of about 7 bar.
This is fed into a reservoir which in turn feeds a four-way solenocid-
operated control sequence valve attached to the cylinder inlet, the
outlet or exhaust is controlled by a variable flow control ratio
valve. This controls the overall speed of the drive system. The
cylinder is of the through rod type which enables the toothed
belt to be driven in either direction. The cylinder stroke is .58

metres which allows the aluminium rod to travel 1.16 metres.

7.2.3 Drive Belts and Gears

Two types of belting were used, toothed and flat section. The
toothed belts could only be obtained up to a certain length and in
consequence the remaining belt length was made up with a glass fibre
belt. This combination of belts dave a good performance. The belts
were joined to the drive cylinder eccentrically and with an adjust-
ment to allow for the gear wheel diameters. The fibre belt was bolted
to the rod and were tightened by using alloy plates with series of
holes. Then the belts were linked through a series of toothed gears.
Two sets of these gears transmitted the drive from the belts connected
to the piston. The third set was not used.

Figure 7.3 shows the gear arrangement. The large diameter carry
the belts from the rod and the smaller gears carry the belts from the

piston end. The gear ratio is 2 and therefore the speed of the rod
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is twice that of the piston.

7.2.4 Aluminium Rod

The aluminium rod was used to simulate the sodium flow, this
rod has a minimum diameter of 5.037cm!and a maximum diameter of
5.044cm. The average diameter was used in calculations. The rod
is mounted on an air bearing to obtain smooth linear movement. These
air bearings consist of a laminated wooden base on which the two-
supports for the rod run. In the base of each support an array of
holes supplies air to the surface. 1In addition to this bearing two
further wooden guides ensure that the rod is concentric.

Problems arise from the high deceleration necessary to bring
the aluminiqm rod to rest at the end of the piston stroke. To
prevent sudden shocks braking the belts, a brake system was added
and can be seen in figure 7.4. This brake makes sure that the
aluminium rod will not hit the magnet and electrode support.
Therefore the rod is stopped independently of the piston as the
latter comes to the end of its stroke.

The surge of air into the piston caused a rod peak velocity
of about 2.5m/sec followed by a fluctuation which smoothed out
towards the end of the stroke to give reasonably steady measuring

caoanditions at about 1.5m/sec.

7.2.5 Flowmeter Assembly

Figure 7.5 shows the flowmeter design where the position of
electrodes, electrode support and the permanent magnet can be seen.

Figure 7.5 also shows a sectional view of the meter. The electrode
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support is made out of non-conducting material ( polyvinyl chloride)

16 ohm/cm. It has nine pairs of holes

with 'resistivity of 10
diametrically opposite each other at 2.54cm intervals, the inner
diameter of support is 5.33cm and the outer diameter is 7.32cm.

The main problem associated with voltage measurement was the
design of a system for picking up the voltage from the surface of
the moving aluminium rod. Various methods were tried and each one of
them had its own problem. Small brass wheels were tried but they
did not revolve smoothly at high R.P.M. Small steel balls caused
scratching of the rod surface and also produced a high level of
noise comparable with the actual signal. Finally the best solution
considered was the use of carbon brushes similar to the ones used in
electrical machines. The electrodes were made out of cylindrical
carbon brushes and were inserted in the electrode support. The electrodes
were loaded by springs and were secured to the support to allow
a reasonable amount of play as the aluminium rod moved through the
support tube.

The permanent magnet is shown in figure 7.5 which is 10cm long
and has replaceable pole faces. The pole faces were machined to
accomodate the electrode support. The gap between poles is 7.32cm at~the
nidplane and the support was held in position by screws through the pole-
face. The magnet was lined up with the rod:ana supported-by the base
frame (see figure 7.6). The magnetic field strength at the centre of the

magnet was .03T (300 gauss).

7.3 Electrical Operation

The electrical equipment is shown in figure 7.7 and it consists

of the following parts.
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7.3.1 Cylinder Control and Trigger Controls

The rneumatic cylinder were controlled by electrical solenoids and
two push button switches control the solenoid operation for the firing
stroke and the return stroke.

When the fire stroke bhutton was pressed two timing circuits
start to work. One timer triggeredthe oscilloscope to store the
trace of the signal for the duration of the movement and it was set
to trigger instantaneously. The second timert{iggeredboth digital
counter and digital voltmeter and was also used to give a trace on the
oscilloscope to show the point at which the recordings were made.

The delay time could be varied by selection of capacitance
and changing the variable resistance in the timer circuit, and
therefore the time at which the measurements were made could be

varied to obtain a satisfactory point during the rod movement.

7.3.2 Speed Measurement

An encoder 1s keyed to the shaft of one of the gear wheels,
this is shown in figure 7.3. The encoder has a disc with 500 lines
and gives 2000 pulses for every revolution of the disc. Its rotation
is directly linked to the movement of the rod. One revolution of the
shaft was equivalent to a linear movement of .381 metres. The timing
interval could be selected from a seven positicn switch which gave
factors of ten for each position change and for a given position, four
selection dials allowed ranges up to 9999. Therefore the counting
time may be found from the following equation:
3

t = ot~ ) (7.1)
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where t 1s in ms, n is the position on the seven position switch
and N1 is the selection dial.

The incoming encoder pulses were counted for a given time
period and the final number could then be converted to a value
representing the speed of the rod.

{counts in 100ms)

Vo T 524.9 (7.2)

where Vm is in m/sec.
Time periods of 100ms were used for the low velocities, where
there was enough smooth movement of rod and for higher velocities 50ms

and 25ms periods were used.

7.3.3 Signal Amplifier

A differential amplifier was built with a fixed gain and this
was calibrated with a standard digital voltmeter. The calibration
curve is shown in figure 7.8. The signal picked up by the electrodes
was transmitted to the amplifier and then to a digital voltmeter which
gave a full scale reading for 199.9mV: D.C, The output of the
amplifier was also connected to an oscilloscope with a storage

facility.

7.3.4 Earth Connections

The earth connections are shown in figure 7.9. All signal earths
originated from the amplifier output. The power earths of the
triggering circuits, counter and oscilloscope, base frame and

aluminium rod all had a common earth. No earth screens were used
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between the trigger and oscilloscope.

7.4 Magnetic Field Measurements

In order to predict the performance of the permanent magnet
flowmeter it was necessary to measure the magnetic field components
(Br and Be) near the pole faces. The field was measured in 10°
intervals in the &-direction and 1.27cm intervals in the z-direction
bv means of a Hall probe. Figqure 7.10 shows the probe and
how it was positioned for field measurement.

About a 100mA current was supplied to the probe and the
resulting voltage across the probe was measured. The measurement
also was carried out by turning the probe 1800, and then the
magnetic field was deduced from the average of these two measure-
ments. The proke was calibrated and the calibration factor was found
with an accuracy of +2.6%.

The magnitude of the emf induced in the probe is proportional
to the product of the current and the field and was found from the

following expression.

e=IB
H 4742

(7.3)

where eH inmV, I in mA and B in gauss.
The magnetic field components were found from these

measured values and were used as boundary values in the numerical

solution described in Chapter 4.

7.5 Rod Conductivity

The suppliers of the aluminium bar do not provide a conductivity
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value. Measurements were therefore made of the bar conductivity
after it was machined and was ready to fit in the rig. A current
was passed from one end of the rod to the other end at opposite ends
of a diameter. This current was measured using an avometer, The
voltage between the two knife edges on which the rod rested, was
taken at the same time. Knowing the distance apart of the knife

edges and the rod dimensions the value of conductivity was obtained:

-
Oar = 2.93 x 10 mho/m

This is 20% less than the conductivity of the pure aluminium.

7.6 Theoretical Prediction

The performance of the flowmeter assembled in the experimental
rig was obtained by using the numerical solution in Chapter 4
together with the measured values of the magnetic field components
near the pole faces® Figure 7.11 shows the magnetic field distribu-
tion along the aluminium rod for different values of magnetic
Reynolds numbers. Figure 7.12 shows the induced voltage distribution
along the pipe for various values of magnetic Reynolds numbers. The
induced voltage from six electrode locations is shown in figure 7.13.
The signal is nearly linear for the position of electrode at S5cm

downstream.

7.7 Test Procedure

Tests were run for nine different positions of electrodes along
the rod at 2.54cm intervals. For each test a range of speeds was
used and for each speed the run was repeated eight times or more,

For each new speed, adjustments were made for delay time to ensure

*The theoretical assumed requirement of a distant field boundarv will clearly
introduce an error for this case.
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that the triggering pulse cccured at the point in the rod movement

at which the output signal was acceptably constant. The photographs
were taken of  the signal displayed on the oscilloscope to study the
signal and its changes during the counting. One of these photographs

is shown in figure 7.14.

7.8 Test Results

The results for nine different positions of electrodes are given
in tables 7.1 to 7.9. For each position of the electrodes, the
tables give the number of counts in 100ms, the signal displayed
on the digital voltmeter, velocity, the equivalent magnetic
Reynolds number and the putput signal of the flowmeter. The’results
are also plotted in figure 7.15, 7.16 and 7.17 and are compared
with the prediction obtained from the analysis of Chapter 4.
The best curve is fitted through the results and from this the
distribution of the signal along the rod is found for Rm =,5,
1. and 1.5. Figure 7.18 shows the computed distribution and the
experimental curve. The distribution of magnetic field along the z-axis
at the centre of rod, when there is no movement of rod is shown

figure 7.19 and measured values are compared with computed results.

7.9 Experimental Errors

These errors are caused by a number of sources - speed, signal
smagnetic field measurements and non-symmetry of the permanent

magnet.
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7.9.1 Error in Speed Measurement

Belt stretching can be neglected and therefcore the rotation of the’

encoder disc will give an accurate indication of the linear movement of the
rod. The counter will produce an error of #1.2% at low speed and *.4% at the
highest speed. On top of that, an uncertainty of #2 in the last digit of the
counter will give an error of about +2.3% for the slow runs and *8% for the
highest speed. However each experiment was repeated eight times or more

and this would eliminate these errors.

The signal trace had a variation over the period during which pulses
were received by the counter. The trace for four different runs is shown in
figure 7.14. The picture shows that there is a variation of +4% in signal for
Rm = 1.5 and a careful study of the trace during the counting period shows that
the average velocity for slow speed, and for Rm = 2.5 the trace shows that the
signal drop during the counting is 8% and therefore the signal is overestimated

by 4%.

7.9.2 Error in Signal Measurement

The digital voltmeter had a full scale input range of 199.9mV with the
option of 1 decimal and this produced the error of #.8% at the lowest speed and

t1% at the highest speed.

7.9.3 Errors in Magnetic Field Measurement

The errors in magnetic field measurement are due to the calibration factor

for the Hall probe and positioning the probe during the measurements. The
magnetic field is nearly uniform in the magnet gap and it drops outgide the

. R . . . o .
gap. The variation of magnetic field components are a maximum at 6 = 40 which
makes errors a maximum at this point. The error estimated as a results of

inaccurately positioning the probe with respect to the magnet in the © direction

is %1%, in the z-direction #.4% and in the radial direction #.14%. The calibration
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factor of the Hall probe was found using a standard magnet. There

is a change of #2.6% in magnetic field strength in the gap of a
standard magnet, therefore there was an uncertainty of *2.6% in the
calibration factor. The error produced by a standard DVM for reading
the current input to the probe was #.01% while the induced voltage
reading gave an error of £.013%. Hence the total error in magnetic
field measurement was *4.16%. This error will appear in the numerical

results, as the measured values were used in the numerical calculations.

7.9.4 Non-Symmetry of the Magnetic Field

The major error was introduced by the shape of the permanent
kPagnet.v -In the numerical solution a symmetrical imposed magnetic field
was assumed and the magnetic field was measured at the surface S
(see figure 7.5) and then used as boundary value. The shape of
magnet assembly suggésts that the magnetic field is not symmetrical,
the region near the core. of the magnet-having a highef mégnetic
flux density. |
The measurements also show that the magentic field at point a
is 15% less than that at point b (figure 7.5). Hence it will be realistic to

expect the measured values to be about 10% more than the computed

values as a result of non-symmetry of the imposed magnetic field.

7.9.5 Error in Conductivity Measuremernt

The error in the conductivity measurement will result from the
error in dimensional measurement of +.054%, the error of *.13% in
measuring the current and the error of *1.2% in voltage measurement,

giving a total error of *+1.4s%.
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7.10 Discussion

Figures 7.10, 7.11 and 7.12 show the numerical solution and
experimental results. It was stated that the experimental wvalues
should be higher than the numerical values, 10% of the difference
being due to non-symmetry of the imposed magnetic field. The
numerical results were calculated with an accuracy of #4.16%,
while there is an uncertainty in velocity measurement which produces
an error of #2% for Rm = 1.5 and *1% for Rm = .5. The speed
measurement error was more when the measurement was made for Rm
greater than 1.5. These measurements were taken at the peak speed
of the rod immediately after acceleration (see figure 7.14) and the
trace shows: that the voltage drop is 8% during the counting. This
will cause a 4% overestimation. At slower speeds the measurement
was made in the region where the speed was more steady. Although
the magnetic Reynolds number which could be reached experimentally
was not as high as exists in the FBR where there is high distortion
and non-linearity @s shown numerically in figure 7.11 and 7.12), there
is a measureable amount of distortion in figure 7.18.

In figure 7.19 the magnetic field distribution is shown and
it can be seen that the measured field is higher than the computed

value and this was expected due to non-symmetry of magnet. '

7.11 Conclusion

The experiments were carried out with an analogue sodium rig,
and the experimental results were in good agreement with the computed
values. The uncertainty in speed measurement was reduced by repeating

the experimental runs more than eight times, but the variation of
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speed during measurements produced a #2% error at high speed and less
than 1% at the lowest speed. The non-symmetry of the imposed
magnetic field produced an expected 10% difference between the
experimental results and numerical values. The experimental results
give confidence in the numerical solution obtained in Chapter 4
which can be used to predict the performance of swept field flow-

meters.
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CHAPTER 8

PULSED FIELD FLOWMETERS

8.1 Previous Work

Non-contact methods of measuring the velocity and flowrate
of liquid metals are well known in magnetohydrodynamic (MED)
measurements and there is a considerable amount of work in the
Russian literature. Sermons (1964, 1966), and Sermons and
Zheiguf (1964) studied the propagation of an electromagnetic field
pulse in a moving conducting medium, and - showed the possibility
of using a pulsed field to measure the flowrate of a conducting
fluid. |

The flowmeter consists of two coaxial coils spaced along a
pipe. The primary coil is supplied by a generator with rectangular
current pulses which induce circular currents in the moving
conducting liquid. The displacement of the magnetic field lines
induced by the currents in turn induce a voltage in the secondary
coil due to is decay and due to its motion. The induced signal
due to motion is a maximum when the current rings reach the secondary
coil. The operating principle of this device can be appreciated from
figure 1.4.

Zheigur and Sermons (1965) gave an analytical solution for an
induced voltage in the secondary coil, When a step current is applied
between two circular circuits in a moving conducting medium:

t-3/2 -1/t

e, = t;/% N 1(1/t*)exP{-51:: @, - v,t,)%) (8.1)

where the following quantities are introduced as dimensionless
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parameters:
OR €
= 2t 1
€ 7 I 5;-' t = Up.oRC2 v Ve T FOH ROV
£
and »8* =R—
c

The condition for maximization of the function defined by equation

8.1 is:

(8.2)

<l

t, = é* or t =
The curves plotted in figure 8.1 were calculated from

equation 8.1 and they show that relation 8.2 is satisfied with a

reasonable degree of accuracy when V* 3 8 i.e. for a comparatively

high value of the magnetic Reynolds number. The reason for this is

the time constant of the medium:
— 2
T 1/4 Ry O RC o (8.3)
The distance between the coils for the corresponding velocity,
V must be chosen with allowance for the time constant of the medium
to satisfy the inequality:
£ < VT (8.4)

oxr

v, > 22 (8.5)
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Equation 8.2 which enables the velocity of the medium to be
determined regardless of the conductivity of the medium is only
applied for idealized cases, i.e. when allowance is not made for
the velocity distribution, the effect of the channel walls etc.
The theoretical investigation of problems in which allowances are
made simultaneously for all factors is difficult and has not been
tackled before. In this chapter we apply a numerical technique

together with a finite difference approximation to solve the problem.

8.2 Governing Equation

Expanding the component of equation 2.34 gives:

9%A 13 a %A o0&
or? r or * 9z - Mo Jo(t) + o 932
-op Vx (V x a) (8.6)

If the velocity of the fluid be axisymmetric, Vz(r) then:

9?3 1 3a A %A 3A
3 Trhr r T3z - TR T B e, a5
JA
+ ].J.o a Vz(r) 3z (8.7)

The term ¢ “o Vz(r) %%-is the only one containing the velocity

and is the one responsible for the effect produced by motion. We

define r, =r/a, z, = z/aand t, = t/Qion a?) where o_ is the

1 1 p2

conductivity of fluid and a is the radius of the pipe) then we have:
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%A 1 23a A 3A 3A
_— + — - — + =~ - QLag V (r,);e— =
afl T, ar1 Ty azl o z' 1 az1

- K a? Jo(t) (8.8)

If Io(t) is the current in the primary coil, then

I ()

Jo(t) = a26r1621

where Grl and 621 are the lattice spacings.

It follows from this that

2 2
AL BmnEh L, oy i
* S T B 1 ° 1
) q{rl) 3 uo Io(t) ©.9)
cf atl Grl 621

8.3 Boundary Conditions for Thin Wall Channels

It is assumed that the thickness of wall, w is much smaller than
the radius of pipe, and therefore, at ¥ = a we have a current sheet
with density of Jw. The integral form of Maxwell's equation is:

{H.dl = “o I (8.10)

Taking a portion of wall with length dz and using equation
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8.10 gives:

I II
(Bz - Bz ).dz = uo W Jw dz (8.11)
We kn from ation 2.29 that J = o¢ (-Eéd and H = é-+ LY >
€ Xnow Irom equati ) w w ot z r ar’
therefore:
I II 9A
(Hz - H ) S Uw(‘ 529 (8.12)
r =a
The vector potential is continuous at ¥ = a, i.e.
ah . = ath (8.13)
r=a r=a
Therefore we obtain the condition at x = a as:
I II
B2 ey (8.14)
1 1 1

8.4 Time Marching Solution

The magnetic vector potential is a time dependent variable and
to find this the sclution must be a function of time as well as z
and r-directions. The individual terms in equation 8.9 may be
written in finite difference form as:

2 -— —
3 A(rl'zl'tl) A(r1 + Gri,zi,tl) + A(r1 Grl,zl,ti) 2A(r1,zl,t1)

2 - 2
Brl 6r1
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1

a A(rl,z1 + 621’t1) + A(rl,zl_— Gzl,tl) ~ 2A(r1,%1,t1)
2 - 2

321 Gzl

l_ A B l_ A(r1 + 6r1,zl,t1) - A(r1 - 6r1,zl,t1)

z, arl rl; 2 6r1

52 B A(rl,z1 + Gzi,tl) - A(r1,21 - Gzl,tl)

9z 2 6z

1

The time derivative term is:

where

A A(rl'zl’tl) ~ A(rl,zl,t1 - 1)

3t1 T

6r1 is the size of lattice in r-direction
621 is the size of lattice in z-direction
T is the time step.

Using these

A(r1 + 6r1,zl,t1) + A(r1 - 6r1,z

finite difference approximations yields:

t,)

108) - 2Alreziet)

A(r1 + Gri,z

2
6r1

()

A(rllz1 1

) - A(r1 - 6r1,zl,t1)

1
Ty

A(r1,21

+ 5zl,t1) + Alr,,z

,t
171
2

2 6r1 ry

1 1,t1)- 2A(r1,21,t1)

+

6212
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ey () Alr .z, +82,,t)) - Ak ,z - 02y,
TatEga vty 2 4z,
_ c(rl) (A(rl’zl’tl) - A(rl,zl,t1 - T)) _ uo Io(t)
cf T 6r1 621 (8.15)
and hence
A(rlleytl) = (A(rl - 6r1:zllt1)C2 + A(rl + 5r1121:t1)C3
+ A‘(rl,z1 - GZl,tl)C4 + A(rl,z1 + 621,t1)C5
+ A(rl,zl,tl - T)C6 + c7)/c1 (8.16)

where
olr,)
Cl = 6r22 * r12 * 62 : o] Tl
1 1 £
1 1
c = T - :
2 6r1 2r1 6r1
¢ o 1, 1
= 2
3 Grl 2r1 6r1
. - 1 . c(rl)uo a Vz(rl)
2
4 621 2 621
. - { c(rl)uo a Vz(rl)
= - -
5 621 2 6zl _
_ olr,)
C6 = 1
O T
. _ B Io(tl)
7 Sr, 6z
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Using the finite difference approximation for the boundary

condition at a conducting wall gives:

Aﬁrl,zl,tl) = (A(rl - 6r1,zl,t1) + A(rl + 6r1,zl,t1) +
d 6r1 d 6r1
= A(rl,zl,t1 -c)/ @2 + ) (8.17)

The velocity was assumed to be independent of 6, z aﬁd t. In
solving for this vector potential, it is sufficient to solve the
problem in one half plane only, due to the axial symmetry. Equation
8.16 will simplify somewhat depending on the location of the parti-
cular point. For example, Vz % 0 and 0 = 0 everywhere, except in
the medium and conducting wall, Io(t) = 0 everywhere except in the
primary coils. Along the boundaries of the mesh the values of
A(r,z,t) are held to zero. The magnetic potential along the axis is

constant, (for convenience this is taken to be zero), and the
‘remaining boundary should be far enough away to.approximate to
infinity. The current in the primary coils, Io(t) can be approxi-
mated (in time) to any' current wave form. The solution will have

to start where Io(t) is a constant and %% = 0, then the vector
potential equation can be solved independent of time with appropriate
boundary condition for z and r. The calculations then proceed to
values of t where Io(t) varies. This method of solution in which

the results at one time step are used in calculation for the next
time step is called a 'time marching' solution as the calculations

march with time step by step.
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8.5 Computer Results

A computer program has been written which employs the numerical
technique explained in chapter 4 together with the finite difference
approximation. The program handles the solution of the vector
potential equation for a rotationally symmetric system, such as flow
of fluids with axisymmetric velocity profiles inside a conducting
pipe. The current in the primary coils can be sinusoidal or any
other pulse form. The coils can be positioned inside or outside
the pipe.

The computer starts at a point in the mesh (see figure 8.2)
and works through point by point using the Successive Over Relaxation
(S.0.R.) method. The optimization procedure shows that the best
relaxation factor is 1.5 for parabolic and 1.6 for uniform velocity
profiles. The accuracy of the results depends on the mesh size, the
finer the mesh, the greater the accuracy and longer and more
expensive thé solution.

The computer program is tested against some special cases, e.g.
the stationary conductor and two circular coils placed in a moving
sodium pool with uniform velocity. The results are in good agreement
with the analytical solution of Zheigur and Sermons (1965). For
stationary fluid Smythe (1968) gives an expression for the potential

induced by a coil with current I and radius R. (This is mentioned

by Baker (1977)). i
= MBI Rk K
a = = =°{n 2) K - E} (8.18)

where K and E are complete elliptic integrals of the first and

second kind.
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The Elliptic integrals are given by Dwight (1961) in the

form:
gl : 12 12.32 4 12 .32 .52 ¢
K = 5(1 +m {1 +52 mz~+22.42 ° +22.42.62 m )
(8.20)
and
i m? 12 4 12 .32 6
E = ———'—2(1+m) {1+?—+—'——22.42m +————22.42'62+m +....}
(8.21)
where m = (1 -k')/(1 + k")
and k' = ¥1T -~ k2
The induced signal in a coil at radius r is
_ A
e = 2rr( EE—) (8.22)

Calculations show that the induced voltage from equation 8.22
is in good agreement with the computed values from finite difference
solutions. The difference is due to errors which arise because
of the lattice size.

Figure 8.3 shows the matrix plot ;f the vector potential at
difference time steps, at t = O the constant current in the primary
induces the magnetic field distribution which is a maximum in the
plane of thé primary coil. When the current is switched off the

circular currents form and move with the fluid. The plot shows

the magnetic field moving and damping with time, which is
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caused o©of conductivity of the medium. The higher the conductivity

the slower is the damping.* The induced voltage can be found from the

following expression:

e = 2nr Ee (8.23)
where
3A
E = - —
e ot
or
oA
€ 2wrﬁ

and in finite difference form:

(A(r,z,t + 1) - Aa(r,z,t - 1))

e = nmr = (8.24)
8.6 Flowmeter Design
The design considered consists of three coaxial coils and

is illustrated in figure 8.4. The centre coil is the primary or
excitation coil. The two end secondary coils are connected together
(series opposing), as in a differential transformer arrangement.
Because of the symmetry of the system, the output signals of the
coils are zero when the fluid is stationary.

If Io is the primary current, Np the primary turns and Ns the

secondary turns the output signal is:
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£ = (el - 52) Np NS Io (8.25)

€, and €, are the signal in the secondary coils for unit

1 2
current pulse in the primary coil. Figure 8. 5 shows how the
induced voltage in the secondary system of-coils change€S with time
for different values of magnetic Reynolds numbers. Figure 8.6
shows the induced signal when the velocityv is parabolic. The
transient time is longer and the sional is smaller for the parabolic
velocity profile. The reason is that the signal induced is influenced
mostly by the induced current rings near the wall rather than
those close to the centre of the pipe. In the flow of a fluid with
parabolic velocity profile the velocity of fluid near the wall
is less than the average veloc¢ity and therlefore the induced current
rings move slower compared with uniform flow.

The conducting wall will affect the signal by delaying the
transient time; The current induced in the wall delays the maximum
signal by enforcing the signal in the secondary coil. This effect
is shown in figure 8.7 (for 4 = 0, .0154 and .077).

The characteristics of the flowmeter are shown in figure 8.8
for two extreme cases of velocity profile, parabolic velocity
profile which representslaminar flow and uniform velocity profile
for turbulent flow. The results show a linear characteristic line
but with different slope depending on the velocity profile. The
characteristic becomes non-linear at 1low values of magnetic Reynolds
number and this is because decay dominates the response at low
Rm. Figure 8.9 exhibits the use of an induced signal as a measure
of magnetic Reynolds number, but the characteristic is not linear.
The results obtained so far explain how the transit time changes with

magnetic Reynolds number. The magnetic Reynolds number is proportional
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to fluid conductivity as well as mean velocity. As the electrical
conductivity of liquid metals is dependent on temperature (see
figure 8.10) this factor must be allowed for when calibrating the
meter. 1In practice, if the measurement is to be made accurately,
fluid conductivity needs to be specified at the time of measurement.
The technique for finding the conductivity of the fluid is described
below. This method can be applied in any system with moving

conductive medium for conductivity measurement.

8.7 Eddy Current Method for Conductivity Measurement

If a magnetic field is suddenly applied to a conductor, eddy
currents are caused to flow in the conductor. The magnetic field
created by these currents is in opposition to the externally
applied field. The induced field damps with time, and the rate
of damping is a function of the conductivity of the conductor.

The higher the conductivity of the medium the slower the damping

of the maénetic field. This method is described by Bean.et al
(1959) for measuring the resistivity of metallic specimens. The
neasurement is made by noting the rate of decay of flux from a bar
situated in an external magnetic field that has been rapidly reduced
to zero (see figure 8.11).

Nagao and Ishibashi (1976) used the same method to measure the
resistivity of NaCl solution, an altermative to the Kohlaush-Bridge
method which is more commonly used.

For a moving conducting medium the common practice for conductivity
measurement is to employ an alternating field. This has limitations
as a result of skin effect. It is shown that the eddy current

method may equally be applied for the conductivity measurement of a
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moving medium. The sudden change of field in the primary coil
induces eddy currents in the moving liguid and the eddy currents
induce a signal in any circular coll perpendicular to the flow
due to is motion and decay. The signal produced by motion has
a positive sign downstream of the eddy current and negative
sign upstream, while the part of the signal due to the decay is
always positive. By placing a solenocid around the pipe the induced
signal along the pipe may be integrated and therefore the part of
the signal induced by motion will vanish. The final signal will be
a function of conductivity.

The equation of vector potential in a fluid region was (see

figure 8.12):

2 2
8A1+l BAI_?_.}_ +3A1 _ OVBA . O.BA]- (8..26)
dr2 r ar r? az2 = H%8V252 o955t e
defining
+oo
A = J A dz (8.27)

to be an integral transform of the vector potential, and applying

this in equation 8.26 gives:

(8.28)

where the first term on the right hand side of eguation 8.26 ‘is dropped

as its integral is zero.

The first derivatives of the vector potential is zero at z = ie

(remote from the primary coils), and the vector potential is
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constant at z = i and is assumed to be zero. The output

signal from the solenoid is of the form:

€ =J e dz (8.29)
-l0
or
- o
€ = 27R s (8.30)
Let
A = j Tetae (8.31)
(o]

be the Laplace transformation of K; using this transformation in

equation 8.28 gives:

i
@
wil

3?a

ar?

+
K=
|
NLAH

= UquS A1 (8.32)

Q>
a]
a1

This equation for region:2 and 3 outside the pipe where the

conductivity is Zero becomes:

@
~

>l
@

d]

|
1]

(8.33)

+
M
Q>
aj

[
"
L ]
]
o

Hence, the equation for the vector potential in the- fluid region

is:



where

Zero.

3 is:

and
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1 , L1 =
+ S (v +5) A = 0 (8.34)

The general solution of equation 8.34 has the form

Al = C1 I, {(yr) + C, K1 (yx) (8.35)

The value of K, leads to infinity as r - 0, hence C_, must be

1 2
The solution of the differential equation 8.33 for region 2 and
= . C4
A2 = Cyr+ - (8.36)
= + —
By = Cgrtg (8.37)

For r - = the value of A3 becomes infinite and hence C5 must

be zero.

(8.38)

|
0
w ot
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8.7.1 Boundary Conditions

The vector potential is continuous at ¥ = a and r = Rc, i.e.

B
I
kol

i.éirAl) | _ l.éffAZ) |
r 9r T ¢ dr
r=a r =a

The boundary condition at the primary coil is

<ri3)

1 3 l : .
-1 3 =p J (&) 8(2)  (8.39)
r =R r dr r =R ° °

fo] C

(rA2)|

Loa
r Jdr

Using the transformation for z we obtain

9 (rA.)
= 3.

1
-2 = By N I (6) (8.40)

where {(t) is the current density, g(t) is the current in the primary coil
and NP is the number of turns in the primary coil.

The Laplace tranformation of equation 8.40 becomes:



The current density in the primary is taken to be a step

-1
r
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3 (xA.)
57 3 |

function. Applying the boundary conditions leads to:

9]

6

Solving the above equations gives Ci’ C3, C4 and C_:
BT Np 1
Cc = ( )
1 S Il(Ya) 3T, (Yx)
1
—
a HEES
r =
C3 = uo Io ND
28
N 2
. - uo Io b (a Il(Ya) ) E?)
4 s 'Il(ya) + a azl(yr) 2
dr a
X .
. - B I Np (a I, (ya) _a .\
6 S I 2

(va) + a aIl(Yr)

or

(8.41)

(8.42)

(8.43)

(8.44)

(8.45)
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Finally the equations for the transformed vector potential in

region 1, 2 and 3 are:

B IN aI, (ya)

A = o l 1 A
Al(S) S (Il(Ya) e EIl(Yr) ) I1 {yr) (8.46)
Jor = a
and
_ M I N M I N 2 I (ya) 2
i(sl=_0_0_2r+0049( 1 _ g
2 28 Sr Il(Ya) + a all(yr) 2
Jor r = a
(8.47)
and
_ u I N a? I, (ya) 2 R ?
A s) = =2 B (L - s 5y
3 Sr Il(ya) + a aIl(Yr) 2 2
or r=a
(8.48)

The induced signal in the solenoid may be found by the inverse

Laplace tranform of A(s)and the methods of complex variable theory.

¢ + iT

= 1 . st =

A = gxlim, e  A(s) ds (8.49)
¢ - iT

where ¢ is chosen so that all the singular points cf K(s) lie to the
left of the line Re(s) = ¢ in the complex plane.

The inverse Laplace transform of A(s) is difficult to find and
it is in a complicated form, while the numerical salution of

equation 8.28 is easier to obtain. Here the induced signal distribution
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obtained in section 8.5 has been integrated in z-direction to f£ind the signal
induced in solenoid for conductivity measurement. The results show

that the signal in the solenoid is not affected by velocity, and has

only one non-dimensional plot which is shown in figure 8.13. There-

fore the conductivity of the medium can be found from this curve and

knowing the magnetic Reynolds number from previous calculations the

mean velocity can be obtained. Figqure 8.14 illustrated the flow-

meter which provides the mean velocity and fluid conductivity.

8.8 Conclusions

The pulsed field flowmeter has been analysed and a time marching
solution = given using the finite difference approximations and
S.0.R. methods. The effects of wall conductivity and fluid velocity
profile are considered.

The results show that the flowmeter with one primary and two
secondary coils gi&es the flowrate of fluid but its performance is
dependernt on the velocity profile and the temperature of fluid flow.
The flowmeter shown in figure 8.14 is designed to cancel the tempera-
ture dependence and it is capable of measuring the magnetic Reynolds

number and conductivity of fluid flow.
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CHAPTER 9

CONCLUSIONS AND FURTHER WORK

In this thesis electromagnetic flowmeters are reviewed and
analysed. The following problems exist in their design and calibra-
tion;

a) Variations in calibration due to changes in the permeability
of the fluid.

b) Short axial length transverse field flowmeters, when used in a
flow with high Rm, suffer f;om field sweeping. This sweeping
produces a non-linear output signal from electrodes positioned
in the mid-plane of the flowmeter.

c) Variations in calibration due to changes in contact resistance

between the fluid and the pipe wall.

The first problem exists in electromagnetic flowmeters with
magnetic slurries. In Chapter Three a long flowmeter with concentric
pole-pieces was examined and a solution given for the induced signal
and magnetic distribution signal varies with changes of permeability.
It was found that using a search coil positioned in the insulating
liner to act as a reference, gives a constant signal for changing
fluid permeability, and an almsot constant one for a limited range
of axisymmetric velocity profiles. The solution was found for
uniform fluid permeability in the fluid-region, but in practice a
non-uniform distribution of permeability may occur, and also the
conductivity may be high enough teo affect the imposed magnetic field.
Therefore the numerical solution may be applied to more general
cases by taking into account the non-uniform permeability, effect of

conductivity and the length of the applied magnetic field.
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Swept field flowmeters were analysed in Chapter Four where the
magnetic field and flowmeter equations were solved numerically in
three-dimensions, using a cylindrical co-ordinate system and taking

into account the effect of magnetic Reynolds number. The flow was
wo
£ << 1) with a
£
constant contact resistance between the pipe wall and the fluid.

assumed to be rectilinear in a thin conducting pipe (aG
The numerical solution uses a finite difference approximation with S.0.R.
The computer program (SWEPT) can deal with a symmetrically imposed
magnetic field, and requires the distribution of the imposed magnetic
field at the surface, (r = b) as a boundary condition. The magnetic
field at this surface is assumed to be unaffected by the flow of the
fluid. This assumption produces some error, however, the estimated
exror in Chapter Four where b = 3a and R = 5 was less than 1.7%.

The performance of a swpet field flowmeter was found for three
different types of imposed magnetic fields (saddle coil, diamond coil,
and permanent magnet). The results show that high values of Rm sweep
the imposed magnetic field downstram and produce a non-linear signal
for point electrodes positioned at the mid-plane. The results also
show that for electrodes positioned éne pipe diameter downstream the
signal is nearly linear for magnetic Reynolds numbers from O to 5
(see figures 4.18, 4.22 and 7.13).

The weight function is more useful in designing a flowmeter, the
aim being to find a flowmeter With a uniform weight function. Changes
in electrode shape and field configuration c¢an produce this uniform
weight function. This is the first time that weight function theory
has been applied to the swept field flowmeter. The weight funétion
distribution is affected by the magnetic Reynolds number. In Chapter
Five the weight vector is derived for similar conditions specified

in Chapter Four (rectilinear flow, thin wall, constant contact
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resistance). A numerical solution is obtained using a finite difference
approximation with S.0.R. The weight function distribution is found
for different electrode positions along the pipe. The results show

that the weight function is dependent on Rm, but for electrodes
displaced one diameter downstream the weight function distribution
becomes unchanged for RIn over the range from 0 to 5.

The computer program can be used to find a uniform weight
function by changing the electrodes shape and field configuration.
The results obtained by the weight function solutlion are a check for
results obtained by direct solution of the flowmeter equation. The
weight function distributions show that;

(i) a diamond coil flowmeter has a more uniform weight function
compared to a saddle coil flowmeter.
(ii) a flowmeter with a conducting wall has a more uniform weight

function than one with a non-conducting wall.

This shows that the flowmeter with large electrodes and a tailored
field can give a uniform weight function. Experiments carried out on
the swept field flowmeter are described in Chapter Seven, where an
aluminium rod was used to simulate the uniform flow domain. Although
the experiments were for low values of Rm (less than 2), the results
showed good agreement with the numerical predictions. More experimental
work can be carried out with the actual sodium rig for higher values
of RIn to confirm the theoretical work. -

The swept field flowmeter has the advantage of a short axial
length but suffers from conductivity dependence. To overcome the latter
disadvantage an integrated voltage flowmeter was designed (patent
119243} . This design of flowmeter has a short imposed magnetic field

and electrodes integrating the signal in the flow direction. The signal
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is independent of the conductivity of the liquid. The theoxry of this
flowmeter is given in Chapter Six. It was discovered that if all the
quantities in the flowmeter equation (2J2) were integrated in the flow

40
direction (U = Jf Udz) then the form of the flowmeter equation is the

same as that of ;:e flowmeter equation for low conductivity £fluids in

two-dimensions. The importance of this observation is that this

equation is susceptible to all the analytical techniques used for the

two-dimensional form of the equation.
The practical consequences are:

a) The signal from the flowmeter is not affected by conductivity
of the fluid.

b) The signal is a linear function of the flowrate and is dependent
on velocity profile.

c) It may be possible to optimise the magnetic field distribution
and electrode shape in the cross-sectional plane, so that such

a flowmeter has a low sensitivity to changes in flow profile.

An alternative design is given in Chapter Six, in which a search
coil is placed in the liner as a reference, and electrodes integrating
the signal along the pipe (See figure 6.[). This flowmeter can
operate for fluids with a wide range of conductivity and permeability
and gives a linear signal with flowrate.

The last type of flowmeter which has been anlysed is a pulsed field
flowmeter. A time marching solution is-given using a finite difference
approximation with S.0.R. The computer program (ECFM) is written for
this numerical solution. It is assumed that the flow is rectilinear
in a thin conducting pipe. A design with a primary and two secondary
coils spaced symmetrically on either side of the primary, gives an

output signal dependent on the velocity profile and conductivity of
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the fluid., It is shown that by integrating the vector potential equation
-+

in the z-direction (A = f Adz), we obtain an equation which has no
-0 400

velocity term. The induced signal (¢ = / edz) obtained from this

-
equation is not velocity dependent and is a function of the conductivity
of the fluid. Therefore a solenocid was placed around the pipe to
integrate the induced signal along the pipe. The output signal
of this solenoid was used to calculate the conductivity of the fluid
(see figure 8.13). The magnetic Reynolds number was found from the
three coil arrangement and hence the flowrate can be found. The

disadvantage of this flowmeter is its velocity profile dependence,

this can be seen in figure 8.8.
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APPENDIX A

CALCULATION OF INDUCED MAGNETIC FIELD

FOR SADDLE-TYPE COILS (CONCENTRIC)

In the saddle coils flowmeter the magnetic field is generated
by two saddle shaped, series connected, air cored coils, supplied
with a constant current and installed around the liquid metal
containing duct. A special coil former in two separable halves
supports the coil cables. The coils are fitted diametrically
opposite to each other over the duct and work in relatively cool
ambient conditions (see figure A.1). The calculations of field
distribution were made for a coil with finite length and the windings
replaced by a cylindrical conductor at BO‘(angle of coil). The
magnetic induction due to a current flowing in the conductor can be
calculated using Biot-Savart's law for each part. of the conductor.

Biot-Savart's '~ law for magnetic induction due to a
current NI, flowing in a conductor of length ds at a point P(p,@,z)
illustrated in figure A.2 is defined as:

K NI ds x r,

@ = G TET (a.1)

or

_—uONI ds x ¥ .

x
aB = v = (A.2)

where the variables are

ds = an element of conductor carrying current NI
dB = induced magnetic field at point Pl,p,z)
r, = unit vector directed toward point P(p,¢,z) at point M(RC,B,Z')
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r = vector joining P to M
I = electrical current
N = number of turns per coil element

Applying the above law to part 5 of conductor gives the

result:
ds = (Rc dp CosBli ~ (Rc dg SinB)j (a.3)
Where Rc is the radius of saddle coils and

r = (R_ Sin - oSind)i + (R_ CosB - pCosh)§ + (L - 2)k

(A.4)

Rearranging equations A.2, A.3 and A.4 gives the following

equation for dB

-uoNI (RC dB CosB i - Rc dp Sing j) X

- 4

{(r, Sing - p Sind)i + (R_ CosB - P Cosh)j + (L - 2)k}

(A.5)
alternatively it can be written as,
;J.ONI Rc SimB (L - z) dB'i + Rc CosB(L - z) dB J
dB =
i A {(RC SinB- PSing)? + (Rc CosB - fCosd)?
- 2 _ - \
® p R Cos(B b as x
3/2
+ (L—z)z}/ (A.6)

{(RC Sing - p Sind)?+ (Rc CosB - p Cosp)? + (L - z)?}

373
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Introducing the following definitions, eguation A.6 can be

rewritten, giving equation A.7

= P
Py T R
c
L
2= =
c
zZ
and z1 = E—
c
Therefore:
MNI SinB(L - z,)dB i + CosB( - 2,)dB j - (1 - p Cos(B- H)dB k
B = IR 3/2

c¢ {(sinB - o.lsind))2 + (CosB - 91C05¢)2 + £ - zl)z}
(a.7)
To find the magnitude of the. induced magnetic field from part

5 of conductor at point P we ' integrate over the angle B from

B tom-8
o o

B
it xR
xC

SinB (£ - ()i + CosB(L -2z ,)j - (1 - p,Cos(B - B))

{ 373 }ap

{(sinB - QISin(b)2 + (CosB - p1Cos(b)2 + (€ - zl)i}

(A.8)

36' B7 and B8 induced field at point P by parts of conductor

which is curved at z = *L can be found by substitution of the following

expressions into eguation A.8
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25 Be 27 g

I -I -I I

B <B<m - B B <B<m -8B ™+ B <B<2m -8 T+ BO<B<21r -8
L=£ L ==L L=1 £ = -L

Therefore the magnetic induction at point P(p,$,z) by the

parts of the conductor at z, = +0 will be

B = B_+ B_+ B_ + B (A.9)

Now the magnetic induction from the straight parts of conductor

may be calculated. It follows that:

—_ 1! S 1
ds = dz' k and M(RC SmBo, Rc CosBo, z')

~

Because

r = (R SinB - Sind)i + (R CosB - mosd)j + (z' - z)k
-~ C o] C o]

(A.10)
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and using the Bi't-Savart law it follows that:

pu NI

o

aB = 4w
- - A v - . - s 2 1
(Rc cOsBo pCosb)l dz, (Rc S:LnBo 051n¢)3 dz

{(Rc SinsO - psind)? + R, c°sf2.O - pCosd)? + (z' - 2)2}3/2

(a.11)

The magnetic induction by part 1 of the conductor at point P
is the integral of above equation from =L to +L.

L
5 B uoNI
~1 4T

(Rc cosBo - pCOS¢)i - (Rc Sinso - psin¢)j

{ 73 ldz !
{(R_Sinf_ =~ oSind)?2 + (R_ CosB = pCosd)? + (z' - z)2}
c o c o]

(a.12)
substituting for z'1 = z'/Rﬁ and the other dimensions defined as
before it follows that

+£ .
L B NI
-1 4TR

c

-£

(CosB_ - 01Cosd))i - (SinB_ - 0 Sin 03
- ; 372 } dz!
. - ‘ 2 - 2 —- 2

{(Slnso 0151n¢) + (CosBo OICosb) + (z1 zl) }

(a.13)
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The result of the integration is

. ugﬂ (Bll'-Alj) c E
21~ 43R (A, + B,?)
c 1 1

1

2 2 2 )73
(A1+B1 +E1)

+

2 JE} (A.14)
2 2 2
A1 + B1 + E2 )
where
El = t? + Z)
EZ = f -z
Al = SJ_nBO - A Sln¢
A, = Sing_+ o sind
By = CosB_ - p cos}
B, = CosB_ + o Cosd
B2' B3 and B4 can be calculated from the following alternatives
- ~ ~
in equation A.14,
=3 B> B3 =
I -I ~-I I
B =8 B =m-8 B =m+8 | B =2r-8
o o o o o o o o

The total magnetic induction at point P(p,b,z) by the saddle coil
is the sum of the fields induced by the individual parts of the

conductor, i.e.
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B (A.15)
r

The calculations were made for coil diiameter 1.067m and pipe
diameter .356m and coil half length .356m. The electrical current
in winding was 110 amps and number of windings per coil element was
26. The results are plotted in figure A.3 through A.6.

Figure A.3 shows the magnetic field distribution along z-axis
at the centre of the saddle coil for three coil angles. The magnetic
field distribution along z-axis at ¢ =7/2 and R = 2.7a is shown in
figure A.4. The values of magnetic field at this surface were
used as boundary value for finite difference calculations, and it
was assumed that it is not affected by the flow of fluid. Figure
A.5 shows the magnetic field distribution at z = 0, along y-axis

and figure A.6 shows the distribution along x-axis.
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APPENDIX B

CALCULATICN OF MAGNETIC FIELD

DISTRIBUTION OF SADDLE-TYPE COILS

These coils are illustrated in figure B.l and the calculations
of field distribution were made for a coil with finite length and
the windings replaced by continuous current sheets. The top and
bottom part of each is divided into four elements to make the
calculations easier (see figure B.2).

N is the total number of coil turns and are placed in the

©-direction as shown in figure B.3. Therefore Bc is:

(B.1)

where Rc is the radius of coil and dw is the diameter of the cable. The
model is considered as a conductor with thickness ofrlid in the

w
r-direction and current density of J in the z-direction which can be

calculated as

IN = J4& n .
J& B R M (B.2)
or
J = (i—f— . (B.3)
W.

If L is the half length of the coil winding in the z-direction
for the winding placed at angle Bo and Lo is the half length of the coil
winding in z-direction for the winding placed at angle Bo + Bc

then:
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1 = I, - —————————— (B.4)

Biot-Savart's law for a magnetic field induced by element A4t

with current density of J at point P(p,@,z) is:

18 JXxr
a8 = Z% s S P (B.5)
- |7 |
where
- ]
drt (Rc n, dw) dR dz (B.6)
The co-ordinate of the volume element (dt) is
M(RC,B,Z')
Therefore:
r = PM = (Rc SinB - p Sind)i + (Rc CosB ~ p Cos¢)j + (z' - 2)k
(B.7)
and
= A (B.8)
!
|zl
where
lz|l = {(, sing - p sin)? + (R_ CosB - p Cosh)? + (z' - 2)?}"

(B.9)
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It therefore follows that:

- J k
o
Q? h am X

{(Rc SinB - p SinP)i + (RC CosB -0 Cosp)j + (z' - z)k}Rc n, dw %B-%h,
{(Rc SinB - p Sind)? + (Rc CosB - p Cosp)? + (z' - z)’}?’/2
(B.10)
or
noJ
o M
d? 4T
- ) i - i - i j W 21
{(Rc CosB - p Cosf)i (Rc SinB - p Sind)j Rc'dw n, da dy
{(RC SinB - p Sind))2 + (Rc CosB - p Cosd))2 + (z' - 2)2}3/2
(B.11)
éubstituting the non-dimensional parameters in equation B.11
leadsd to:
R = uo J dw nl
~ 47mRc
{(CosB - p,Cosp)i + (sinB - 0,Sin$)j} 4B dz;
{(sinB -~ QISind))2 + (CosB - 91Cosfb')2 + (z' - zl)}3/2
(B.12)

Using the value of J from equation (B.3) gives:
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NI

- o

q? T 4m B_ R
c e

{ (CosB - DICosb)i - (8inB - plsin¢)§}d8 dz]

{(sing - QISimb)2 + (CosB - p1Cos«b)2 + (21; - 21)2}3/2

(B.13)

To find the induced magnetic field by element (1) of the top

winding,equation (B.13) is integrated giving,
£

uo NI ‘Bo * Bc Z
B, = ———
-1 4m Bc Rc

B8 £

o] z

{ (Cosp - 01C05¢)i - (SinB = plsiné)j} dg dz;

{ (sinR -»QISimb)2 + (CosB - p1Cos<b)2 + (zl' ~ 21)2}3/2

(B.14)

where Zz is the half length of the cable which is placed at an angle
of 8 and can be obtained from the following relation:
n n

£ = Lg+r+Lyp (B.15)
2 n2 n2 O

After integrating the following expression is obtained:

K NI BO.*'Bc
-
-1 47 Bc RC
B
o)

{ (CosB - 01Cos¢)i - (Sing - QISin¢)j}

{(sing - QISindJ)2 + (CosB - 01Cos¢)2}
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£ -z
{ z 1 N
{(8inB - p Sin(!))2 + (Cospg - p Cosfb)2 + (£ -z )2}2.2
1 1 z 1
£ + z
z rde (B.16)

{ (SinB - plsin(b)2 + (CosB - pICos(b)2 + (Kz + 21)2}

B2, B3 and B4 can be found by substitution of the following

expression into equation B.16 in turn.

B ) B, B4
I -I -I I
ny ny ny oy
B o=-=8+ 4| L =8+ | o =g+ | U =tp+p-
Z n b4 n Z n b4 n
2 2 2 2
n n n n
s L -8 L (m +8) L r -
2 © 2 2 2
B <B<f + B m-8 -B <B<m-R m+B <B<m+B +8 2m+8 -B <B<2m-8
o] o] C o C o] o] o ¢ O_C o]

Now the induced magnetic field by the parts of the coil winding
which they are in the ©-direction around the pipe is calculated (see
figure B.4).

The current density may be expressed in the form of:

J = JCosB i+ J SinB j (6.17)
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Using the Biot-Savart's law we obtain:
dB = ——

{{3 cosf i - J sinB j) x {(Rc SinB - OSin¢)i + iRcCosB-fOCosé)j+(z'~z)k}d"

3
{(r_ sing - psind)? + (R, CosB - pcosh)? + (z' - z)?} /2
(B.18)
where dt = R d n_ dB dz'
c w 2
Therefore:
uo J n2 dw Rc
dB = =
- 4n

{sinB(z' - 2)i + CosB(z' - 2)j - (R, - pCos(B - ®))k}dg gz
72

{(RcSinB - 0Sind)* + (R CosB - oCosP)? + (z' - z)’}3

(B.19)

Substituting for non-dimensional parameters and value of J from

equation B.2 gives

IN
- uo n2
- 4T 8 R n
c ¢ 1

{SinB(zl' - zl)i + CosB(zl' - zl)j - (1 - p,Cos(B - )k} dg dzi

3/2

1

{Sing- plsintb)2 + (CosB - QICosdJ)2 + (zi - Zl)z}

(B.20)
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B_ the induced magnetic field is calculated by integrating the

above eguation.

5 _ uo IN n2
.5 4T B R n
c ¢ 1

{SinB8(z! - z,)i + CosB(z! - zl)j - (1 - p,Cos(B - §))k} dB az!

1 1 1 1 1
{(SinB - QISincb)2 +(CosB - p1Cos<b)2 + (2] - 21)2}3/2
(B.21)
¢1 and ¢2 are the half angles of coil winding at zi.
where
b, = 7 - ¢, (B.22)
and
n n
o = -2 z, + 8B + 22 _ (.23)
1 n 1 o n
1 !
and
™
£ = £ -—= B (B.24)
° n, c
BG’ B7 and BS can be calculated by-the following alternatives
.l ~ P~

in equation B.21.



f.0<zi<£

bs<B<dg

b = 37 - ¢5

T
—£<zi<—.
$,<8<dg
g = 3n- ¢,

o
n
I

:,t\::

pany

—=z! +

5748
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The computed field distribution of a short saddle coil in the
%X, y and 2z direction are shown in figures B.5, B.6 and B.7.

The gecometry of the coil used here is identical with the one
which was used in Appendix A. The coil angle was 100(80).

Figure B.5 shows the magnetic field distribution at the centre
line of coil at ¢ = 7/2 and three different types of saddle coil
windings. The results show that the field strength is higher for the
design in which the winding is presented as a single winding, similar
to the design explained in Appendix A. Figure B.6 and B.7 shows the

field distribution along y and X axis respectively.
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APPENDIX C
—_———=

CALCULATION OF MAGNETIC FIELD DISTRIBUTION FOR

DIAMOND-TYPE COILS

The magnetic field is generated by two diamond shaped -atr. cored
coils supplied with a constant current and installed around the fluid
containing duct, This is shown in figure C.1.

Vector q§ in Biot-Savart's equation (A.1) can have the

following form

ds = ai+bj+ck (c.1)

From equation A.2, A.4 and C.1 we obtain the expression for

induced magnetic field as:

—# NI
g8 = —2

- 4T R
c

@i+ bj+ck x {(RSing - psind)i + (R_ CosB - pCos})j +(z' - z)k}
372

1
{(Rc Sinf - psin¢>)2 + (Rc CosB - pCostb)2 + (z'" - 2)?}

(c.2)

Substituting for the non-dimensional parameters as before, and
a' = a/Rc, b' = b/RC, c' = c/RC dnd simplify the above equation

leads to the equation C.3:
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-l NI
uO

B = 7=
C

{b' (2} - 2;) - ci(CosB ~ p,Cosh)} i + {c' (sing - P Sind) - a’ (z) -z} 3

3/2
{(8inB - pISi.ntb)2 + (CosB - %Cos¢)2+ (zi - zl)’} /

+ {a' (CosB —Ap1Cos¢) - b'(SinB - qSin¢)} k

(c.3)

The aim is to find the magnetic field contribution of every
individual part of the coil at point P(p,b,z). Therefore each part
of the coil is labelled with a number. To calculate the total magnetic

field at point P due to for example wire 1 it is necessary to know the

form of element ds, relationship between zi and B and the limits of
integral, because
82
B = S dB (c.4)
81

Figure C.2 shows a plane view of diamond c¢il and it follows

that:

|
It

R _(n/2 - B ) (c.5)
c o

L, (L, - L)
z! = 2 (C.6)




145

From figure C.2 we have:

LZ = Rc(n/2 - B) (c.7)
therefore
L, R (B - w/2) + L,L
2 = L.¢© 12 (c.8)
L,

or in non-dimensional form

L. (B -m/2) + 2.2
2l = 1 . 12 c.9)
2

L,

where Kl =

wlpp

and £, = —=
2
c c
Figure C.3 shows the element ds in the different wires. In the
wire where q§ appears in the opposite direction to the current, —qs is
used.

It follows therefore for:

Wire 1

ds = Rc dB CosB i - Rc dg SinB j + dz' k
1 22
m/2
B = dB
B
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Wire 2
ds = Rc dR Cosf 1 - Rc dgR Sinf §j - dz' k
oo Zl(Tr/Z - B} + Zlﬂz
1 = "
£2
T - B
o)
?2 =j d~B
w/2
Wire 3
-ds = =-(R_dB CosB i - R, dp SinB j + dz' k)
' €l(w/2 - B) + 3122
i V4
2
T=-8
o
BJ = d~B
T/ 2
and for
Wire 4
-ds = - (R_dBCosp i - R dB Sing j - dz' k)
y =_£1(8 -n/2) + £1£2
1 17,2
/2
§4 = S | Q?
8
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Figure C.4 shows the configuration of element dg for the
bottom coil.

Similarly it follows for

Wire 5
-ds = -(R_ df CosB i - R, dB sinf j - dz' k)
37
ot o L -8+l
1 £2
2r - B
o
Bs = dB
3m -
2
Wire 6
-ds = (Rc df Cosf i =~ Rc dg SinB j + dz!' k)
37
o - 21 (g - T'Z—) + 3122
1 £2
3
2
B = B
T+ B8
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Wire 7
ds = (R, dB CosB i - R_dB Sing j - dz' k)
ELL L
z, =-.€1 (B - > ) + Kl )
1 £2
3n
2
B, = a8
T+ B
o
and
Wire 8
ds = (Rc dg CosB i - Rc dB8 SinB j + dz' k)
3
S _Kl (T —3)+,€1,€2
1 1,2
27 -
™ Bo
B, = dB
.8 -
3m
2

A computer program has been written to find the integral of eguation
C.3; numerically for different wires. The program is being tested for
speciai cases such as straight wires (when fl is very large) and
circular coils (when f; is very small).

The diamond coil used in the following has the . similar geometry

with saddle coil given in Appendix A.

Figures C.5 shows the magnetic field distribution along z-axis
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at the centre of diamond coil for three coil angles. The field distri-
bution along z-axis and R = 2.7a is shown in figure C.6. The distri-
bution at this surface is usedas boundary values in finite difference
solution. The magnetic field distribution at z = 0, along y-axis

of diamond coil for three coil angles are shown in figure C.7 and distri-

bution along x-axis is shown in figure C.8.
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APPENDIX D

LAGRANGIAN INTERPOLATION

In the general case the pclynomial P{x) of degree n

passing through the tabular points is given by
n
P(x) = I Lk(x) £ (D.1)

where

L, (x) = T (x - x )/1 (x -x) (D.2)
k £k r r#k k r

P(x) is known as the Larangian interpolation polynomial of

degree n. Since

o , i#k
Lk(xi) = (D.3)
1, 1=
it follows that P(xk) = fk’ that is, the polynomial P(x) has

the same values as the function £(x) at the tabular points.
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APPENDIX E

vz

H

The expression for Af = V*f, where f is a vector field is

given by N. Kemmer (1977) in cylindrical polars:

2 2
A = (B (l.a._(rf )+ & s + "5 - 2 if-_G)
or r or r r* 0e? 0z? e T
2 2
3 f@ 3 ﬁ@ 2 afr
—=) &

13 3F, 4 *f CRE
e Ew)te 3@t a0

(E.1)
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Reactor Country MWt MWe pool Operation
oxr
loop
Experimental
BR-5 Russia 5 .o loop 1959
DFR Great Britain 72 15 loop 1959
EBR-IT United States 62.5 20 | pool 1963
FERMI United States 200 67 loop 1963
RAPSODIE France 40 .es loop 1967
BR-60 (BRO} Russia 60 . loop 1970
JoYO Japan 100 .es loop 1974
FFTF United States 400 .o loop 1975
Power
Producing
BN-350 Russia 1000 350 loop 1973
PFR Great Britain 600 250 | pool 1973
Phenix France 600 250 | pool 1973
BN-600 Russia 1500 600 | pool 1976
SNR-300 Debenelux 730 300 loop 1978
MONJU Japan 714 300 loop 1978

Table 1.1 List of experimental and power producing Fast Breeder Reactors
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Electrode location midplane one diameter downstream
Velocity profile uniform|{ parabolic uniform parabolic
Rm =1 .955 .934 .757 .729

3 .677 .695 .802 .765

5 .463 .509 .676' .661
Table 4.1 Sensitivity of saddle coil flowmeter for two positions

of electrode location

Electrode location midplane one diameter downstream
Velocity profile uniform | parabolic uniform parabolic
Rm =1 .903 .891 .599 .61

3 .602 .63 .685 .662

5 .38 .447 .575 .572

Table 4.2 Sensitivity of diamond coil flowmeter fpoy two positions
of electrode location
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Saddle Coil

Sensitivity, s
Rm Vm m/sec | Uniform velocity | Parabolic velocity
1. .985 .825 .817
3. 2.954 .825 .816
5. 4.924 .815 .807
.1 . 0985 .826 -
5. 2.462 .815 . 807
Table 6.1 Sensitivity of integrated voltage flowmeter
for ‘different flowrate and velocity profile
wall conductivity number (d = .044 ' and contack::
resistance number (cr = 0)
Saddle Coil
Sensitivity, s
d=20 d= ,022 ] d= .044 | d = .044
C_ = c_ =20 c = .0 cC =.5
r r r r
~
85 .853 .834 .815 .796
ol o
Mo~
0 3n
E A 1
3 oo
g2 0 -
=
o
ved -
+
[
o .853 .835 .817 .8
b
)
oo T
8 -~
H N~

Table 6.2 Effect of wall conductivity number d, and contact

resistance number C , on the sensitivity.
r
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Diamond Coil

Sensitivity, S
Rm Vm m/sec
Uniform Velocity | Parabolic Velocity
1. .985 .662 .668
3. 2.954 .657 .664
5. 4.924 .646 .653

Table 6.3 Sensitivity of integrated voltage flowmeter
for different flow rate and velocity profile
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Magnetic
Counts in Amplifier Speed Reynolds Flowmeter
100 mS output mv m/sec Number Cutput mv
a3 2.:100) 0 0 0
85 5.3C0D .1638 . 1523 .0819
85 5.600) .18 .1683 .0825
94 5.000) L1791 . 1665 .0766
g4 5.30032 .1791 . 1665 .0846
g2 4.5000 L1753 . 1629 .0634
135 5.0000 .1810 . 1683 .0766
95 5.0000 .1810 .1683 .0766
as 4.6002 .1810 . 1683 .0661
g7 4.£002 . 1848 .1718 .0661
201 7..002 .3829 . 3560 .1374
231 7.6003 .3Bzd .3560 . 1453
200 /.E000 .3810 .3542 . 1506
28)! 7.4C02 .382s L3%RJ .1401
201 7.<000 .3829 . 35680 L1523
201 7.3C03 .38z29 L3260 . 1533
201 7.E0CD .38z9 .35840 . 1453
201 7.€000 .3B29 .3560 L1805
201 7.6000 .3829 . 3560 .14Z3
347 .0.4000 .6511 .614E .2193
347 10.6020 6611 .61496 .2246
346 11.5000 .6592 .6128 . 24984
346 11.1000 ] .6592 .6128 .2378
3436 11.4002 .65392 .6128 . 24958
336 10.90030 .6592 .6128 .2326
346 11.1000 .6592 .6128 .2378
346 11.4000 6582 .6128 . 24958
346 10.40C0 8592 .6128 .2193
“43 14,4000 .844C . 7846 .3251
486 14,6000 .9259 .B8608 .3303
456 13.0000 . 8878 .8253 .2e8!
443 13.6002 .8535 . 7935 .3039
444 13.6000 .B459 . 7864 .3039
466 13.2000 .8878 . 8253 .2933
5i0 1%.700C .9716 .8033 .3330
496 13.5000 .9449 - .8785 .3013
504 14.6000 .9602 .8926 .3303
612 15.6000 1.1659 1.0839 . 3568
604 15.9000 1.1507 1.0698 .3647
620 15.8000 1.1812 1.0881 3621
616 16.5000 1.1736 1.0913 .3805
624 17.0000 1.1888 1.1C652 .3938
636 15.8000 1.2117 1.1264 .3621
568 16.7000 1.0821 1.0060 .3B858
608 15,6000 1.1583 . 1.0768 .3568
568 17.1000 1.0821 1.0080 .3964
776 18.98000 1.4784 1.3744 . 4440
764 19.0000 1.4555 1.3531 . 4466
764 19.3000 1.4555 1.3531 L4545
716 17.8000 1.3641 1.2681 .4149
736 18.5000 1.4022 1.3035 . 4334
724 18.4000 1.,3793 1.2823 .4308
8co 15.8000 1.5241 1.4169 . 4440
7¢4 19.7000 1.4936 1.32686 L4651
755 18.7C00 1.4403 1.3390 .4387
864 22,1000 1.6460 1.5302 .5285
Q290 23.5000 1.7527 1.6294 .5655
868 24.0000 1.6536 -1.8373 .5788
304 25.5000. 1.7222 1.6011 .6290
S52 25.0000 1.8137 1.6861 .6052
928 27.2000 1.7680 1.6436 .B633
876 22.8000 1.6689 1.5515 .5470
936 26.4000 1.7832 1.6578 .B422
11186 30.50037 2.1261 1.87€6 . 7505
1140 31.3C03 . 2.1718 2.0191 7717

nee TTLTIED R.27228 2.078D 7202

Table 7.1 Experimental results for electrodes positioned at

z = - 10.16cm
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Magnetic
Counts in Amplifier Speed Reynolds Flowmeter
100 ms output mv m/sec Number output mv

0 2.1000 0 0 0
86 5.2000 . 1638 . 1523 .08189
81 5.6C00 . 1543 . 1435 .0g25
78 5.2000 . 1486 . 1381 .08189
77 5.40un . 1457 .1364 .0872
78 5.5000 . 1488 .1381 .089g9
79 5.5000 . 1505 . 1339 . 0899
80 5.€000 .1524 .1417 .1004
80 5.8000 1524 .1417 .0978
80 5.6000 L1524 .1417 .0825
208 12.2000 .3963 .3684 .2669
210 12.3030 .4001 3713 . 26396
211 12.4000 .4020 .3737 .2722
210 12.3:J00 .4001 .3719 .2639%
210 13.1000 .4001 .3719 .2907
211 12.4000 .4020 .3737 .2722
211 12.6000 .4020 .3737 .277%
210 12.4000 .4C01 .3718 2722
212 12.6000 . 4039 .3755 2775
356 19.2000 - .6782 .6305 .4519
362 19. 1000 .6897 6411 .4493
361 18.2000 .6G78 .6394 . 4255
362 . 18.7000 .6837 .6411 . 4387
364 18.6000 6935 . 6447 . 4360
326 17.8000 .B401 .58951 .4149
32 18.7000 .6706 6231 .4387
346 18.4000 .B6592 .6128 .4308
366 20.0009 63973 .b482 .4730
506 23.2000 . 85640 .8962 .5576
472 22.0000 .88392 .8360 .5259
512 23.6000 .9754 .9068 . 5682
502 24.7000 . 9564 .8891 .5973
433 2. .8000 .9498 .8820 5761
506 23.1000 .9640 .8862 .5550
502 24.6000 .S564 . 8881 .5948
504 23.9000 .9€02 .8926 . .5761
500 23.38000 9528 .8856 .5761
620 28.6000 1.1812 1.0981 .7Q03
624 29.2000 1.1888 1.1052 ’ .7162
620 29.5000 1.1812 1.0981 .7241
624 28.1000 1.1888 1.10%2 .6871
620 29.0000 1.1812 1.0981 .7109
516 27.8000 1.1736 1.0810 .6818
624 28.8000 1.1888 1.1082 .7056
608 27.38000 1.1583 1.0768 .6818
624 28.5000 1.12688 1.1052 68977
800 37.8000 1.5241 1.4169 .9434
808 36.9000 1.5293 1.4311 .9197
788 37.1000 1.5012 1.3956 .9248
828 35.0000 1.5774 1.4665 .8685
764 32.0000 1.4555 1.3531 .7902
732 34.5000 1.3946 1.2965 .8562
784 34.3000 1.4936 1.3886 .8510
732 33.5000 1.3946 1.2865 .8298
852 44,7000 1.8137 1.6861 1.1258
976 46.4000 1.8594 1.7286 1.1707
g36 45,7000 1.7832 1.6578 1.1522
gg92 47.6000 1.8898 . 1.7568 1.2024
932 45,8000 1.7756 1.8507 1.1549
936 46.6000 1.7832 1.6578 1.1760

Table 7.2 Experimental results for electrodes positioned at
z = -6.45cm.
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Magnetic

Counts in Amplifier Speed Reynolds Flowmeter

100 mS output mV m/sec Number output mv
0 2.1000 0 0 0
84 8.1003 LJEDO . 1488 . 1586
86 7.c002 .15638 .1523 . 1533
89 8.3000 . 1686 . 1576 . 1638
88 8.4007% . 1686 . 1576 . 1665
30 8.5000 .1715 . 1584 .1691
31 8.4002 .1734 .1612 . 1665
g1 8.8000 . 1734 1612 .1771
a2 S8.20030 1753 . 1629 .1876
33 S.3009 1772 . 1647 . 1803
202 18.6002 .3848 .3578 . 4360
- 201 18.10090 ©.382u . 3560 .4228
201 18.7000 . 3829 . 3560 .4387
202 18.6000 .3848 .3578 . 4360
201 18.1000 . 3829 . 3560 4228
<01 18.4000 . 3828 . 3560 .4308
201 18.4000 . 3828 . 3580 .4308
201 18.6000 . 3828 . 3560 . 4360
201 18.3000 .3823 .3560 .4281
325 29.0000 6182 .575%8 .7109
328 28.3000 .6249 .5808 .6824
37 23.1000 .6230 .5782 .6871
326 28.4000 6211 .5774 .6850
327 27.6000 .6230 .5782 L6739
327 28.5000 .6230 .5782 .6977
327 28.0000 6230 5792 .6845
327 28.6000 6230 .5792 ' .7003
324 28.3000 .6173 .5738 .6824
508 44,4000 .89678 .8987 1.1179
486 42.2000 . 9449 .8785 1.0597
480 42.6000 ,833% .8678 1.0703
456 © 39.8000 . 8687 .8078 .9963
430 43,3000 .9335 .8678 1.0888
502 42.6000 . 9564 .8891 1.0703
508 43.2000 .9678 .8997 1,0862
512 42.8000 . , 8754 . 8068 1.0756
524 43 .6000 .9983 .89281 1.0967
616 51.4000 1.1736 1.0910 1.3028
616 52.4000 1.1736 1.0910 1.3293
628 50.5000 1.1964 1.1123 1.2791
5396 48.6000 1.1355 1.0556 1.2288
608 52.6000 1.1683 1.0768 1.3346
624 53.4000 1.1868 1.1052 1.3557
620 51.2000 1.1812 1.0881 1.2976
620 51.5000 1.1812 1.0981 1.3055
620 51.2000 1.1812 1.0881 1,2976
824 64,5000 1.5698 1.4584 1.6490
808 63.5000 1.5393 1.4311 1.6226
g36 65,6000 1.5927 1.4807 1.6781
800 64.4000 1.5241 1.4169 1.6464
740 58.4000 1.4088 1.3106 1.4878
824 65.3000 1.5698 1.4594 1.6702
800 63.8000 1.5241 1.4169 1.6305%
788 64.2000 1.5012 1.3956 1.6411
800 61.5000 1.5241 1.4169 1.56498
932 79.7000 1.8899 1.7568 2.0507
1004 80.3000 1.8127 1.7782 2.0666
1012 80.4000 1.8280 1.7824 2.0682

-

Table 7.3 Experimental results for electrodes positioned at
z = =5.08cm.
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Magnetic
Counts in Amplifier Speed Reynolds Flowmeter
100 mS output mv m/sec Number Output mV

o] 2.1000 o} o o

86 10.6000 .1638 . 1523 . 2246

86 10.5000 . 1R38 . 1523 .2220

€3 10.7000 .1677 , 1559 .2273

S0 11.0000 .1715 . 1594 .2352

93 11.3000 L1772 . 1647 .2431

83 10.6000 . 1581 . 1470 . 2246

89 10.7000 . 1696 . 1576 .2273

90 11.3000 .1715 . 1594 .2431

90 11.2000 .1715% . 1594 . 2405
206 23.8000 .3925% . 3649 .5761
205 23.5000 .33806 .3631 .5655
205 23.5000 .3906 .3631 .5655
205 23.2000 .3906 . 3631 .5576
205 23.5000 .3906 . 3631 .5655%
205 23.7000 .3806 .3631 .5708
205 23.6000 . 3906 .3631 .5682
204 23.1000 .3886 .3613 .5550
205 23.4000 . 3806 . 3631 .5629
337 36.5000 .6420 .5969 .8091
337 36.4000 .6420 . 5969 . 9064
339 36.6000 .6458 .6004 .9117
332 36.2000 .6325 : .5880 .8012
342 36.7000 .6516 6057 .9144
341 36.7000 .654S6 ,6040 .8144
338 36.9000 .6439 .5986 .9197
339 36.5000 .6458 .6004 .9091
338 36.6000 .6439 . 5986 .9117
468 46.8000 .8916 .8289 1.1813
464 47.3000 .BB40 .8218 1,13945
434 48 .8000 .9411 .B8749 1,2368
450 46 .2000 .6573 .7970 1.165%4
492 50.5000 .8373 .8714 1.2791
480 47.7000 L9145 ,B501 1,2051
448 46.2000 .8535% . 7935 1.1654
490 50.6000 ., 8335 .B8678 1.2817
436 46. 3000 - .B306 .7722 1.1681
608 65.6000 1.1583 1.0768 1.6781
600 61.8000 1.1431 1.0627 1.5777
500 63.8000 1.1431 1.0627 1.6305
600 62.6000 1.1431 1.0627 1.5988
600 62.6000 - 1.1431 1.0627 1.5988
604 61.3000 1.1507 1,0698 1.5645
604 60. 1000 1.1507 1.0698 1.5328
588 60.7000 1.1202 1.0414 1.5486
604 © 61.2000 1.1507 1.0698 1.5618
776 74.2000 1.4784 1.3744 1.9054
782 77.5C00 1.5089 1.4027 1.9926
800 79.4000 1.5241 1.4169 2.0428
716 73.4000 1.3641 1.2681 1.8842
784 78.5000 1.4936 1.3886 2.0190
788 79.1000 1.5012 1.395%6 2.0349
808 77.3000 1.5393 1.4311 1.9873
800 77.6000 1.5241 1.41869 1.9952
800 77.0000 1.5241 1.4168 1.9794
944 101.3000 1.7984 1.6719 2.6216
996 102.9000 1.8975 1.76410 2.6638
988 102.7000 1.8823 1.7499 2.6586
912 101.0000 1.7375 1.6153 2.6136
1008 104.4000 1.9204 -1.7853 2.7035
916 100.3000 1.7451 1.6223 * 2.5951

Table 7.4 Experimental results for electrodes positioned at
z = =2.45cm.
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Magnetic
Counts in Amplifier Speed Reynolds  Flowmeter
100 mS  output mv m/sec Number output mv

o] 2.1880 0 0 0
a7 13,7000 L1657 .1541 .2933
(4] 12.3000 . 1581 . 1470 .26986
26 11,6000 .1638 . 1523 .2511
89 13.6020 . 1626 1575 .2E9]
91 t2.9000 .1734 1612 .2854
91 12.2000 .1734 .1612 .2669
93 11.7C00 L1772 . 1647 .2537
a2 11.9000 .1753 .1629 .2590
Q4 17, 7C00 . 1791 . 1665 .2801
206 < 0000 .3925 36419 .86316
206 25.0C00 .3425 L3649 .6109
206 25.8000 .3925% . 3649 . 8263
205 2%.6000 .3328% . 3649 .5210
207 25.2000 3544 .3666 L5105
206 £9.3000 .3925 .364% .6131
04 24.9000 .38U6 .3613 .BC25
205 25.5000 .33CC 3631 .6104
205 2%.583C0 .39C86 3631 .6210
327 37.9000 .6230 .5792 .5461
shi1) 28.0000 .62499 .5803 .9497
327 37.68000 .6230 5792 .9434
328 10,3000 .6249 . 5R09 L5567
328 37.7000 .6249 .5809 .9438
327 398.0000 .6230 .5752 .9752
az7 28.6000 .6230 .5792 . 96486
324 30.6300 L6173 .5738 .89699
332 38.8300 .8325 .5880 , 9639
<86 55.8000 .9259 .B6CS 1.4218
476 ©4,5000 .9068 .8431 1.2848
4092 55.98000 .9373 .B8714 1.4218
404 6.5000 .9221 .B8572 1.4376
472 53.5000 .BG892 .B350 1.3584
484 53.7000 .8221 8572 1.3636
472 55. 0000 . 8992 .B8360 1.3990
400 57.5000 .9335 .8678 1.4641
4658 ©5.7000 .0916 8289 1.4165
624 72.7000 1.1809 1.1052 1.68658
622 70.3000 1.1850 1.1016 1.8023
20 73,2000 1.2002 1.1158 1.8790
626 71,0000 1.1826 1.1087 1.8420
526 7%.0G00 1.2117 1.1254 1.9265
B12 70.2200 1,.1659 1.0839 1.8023
£20 71,7000 1.1812 1.0331 1.83%3
626 73.6000 1.2317 1.1264 1.032385%
610 69,4000 1,1621 1.0804 1.7785
790 81,0090 1.5050 1.3892 2.2965
776 a3.8000 1.4704 1,374 2.1591
712 77.5000 1.3564 1.2610 1.9326
772 85,6000 1.4708 1.3673 2.2145
700 85.56C00 1.5012 1.3856 2.2067
760 81,7000 1.4479 1.3460 2.1036
- 700 84.0000 1.4960 1.3815 2.16449
772 £5,4000 1.4700 1.3673 2.2278
732 02.9000 1.399% 1.296% 2.1353
a6l 103.3200 1.8289 1.7003 2.38330
acn 107.6000 1.8209 1.7003 2.7001
956 111.£009 1.8213 1.6932 2.0338
g9 10%.9000 1.8061 1.6730 2.7431
G52 105.80C0 1.8137 1.6861 2.7656
344 G1.2000 1.7934 1.6719 2.5396
916 00,0000 1,.7451 1.6223 2.3457
BS6 83.20200 1.6308 1.5161 2.407%
Q0 L G0 1.8570 1.72%7 a.4974
G2 rooe 1.9206d0 1.7G6754 2.6057
oy . 1.0918 1.721% 2.3471
$32 S1.1C000 1.7756 1.B507 2.3520
3y G, agc0 1.8061 1.679Q 2.458
a3 %5.0C00 1.7908 1oLy 2.4551
1124 103, 0000 2.1765 A.02602 3.2215
104 107 .9100 2.0271 1.68845 2.7660
11490 1AL 000 2.2023 2.0474 3.2505
1109 16,1000 2.1033 1.9%53 3.0127
1360 156060 2.7059° 2.054% 3.26935
i 118, 7000 2.118% 1.5655 J.0814
o 116.0000 2.0890 1.9411 3.008
1ruR 1160000 2.0089 1.8411 31.0048
Lenn 121.9000 2.2861 2.12%3 J.2452
1209 1211000 2.2934 2.1324 3.3298
1040 102, 2110 1.9613 1.8420 2.6506
1104 1173.7000 2.1033 1.9553 2.9493

Table 7.5 Experimental results for electrodes positioned at
z =0,
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Magnetic
Counts in Amplifier Speed Reynolds Flowmeter
100 mS  output mv m/sec Number output mv

o 2.1060 3 0 0]
ga 12.50:00 ..B77 . 1558 .2748
86 12.3030 .1677 . 1559 .268b
as 12.30930 .1677 . 1559 .268h”
ag 11.8000 . 1677 . 1559 2563
a7 12.30C0 . 1657 .1541 .2696
az 12.3000 . 1657 . 1541 .2b96
a8 12.5000 . 1677 . 1559 .2748
az 12.60C0 .1657 . 1541 .2775
a8 12.3000 .1577 . 1559 . 2696
210 25.7000 .4C01 .3718 .6237
210 25.5000 .4001 .3718 .6184
209 25.4000 .3882 .3702 .6:58
210 25.70C0 <4001 .3719 .6237
209 25,4000 .3982 .3702 .b158
210 25.80GC0 . 4001 .3719 .6263
210 25,1000 .4001 .3719 .6078
209 22.7000 .3g8ae .3702 .5444
208 22.6000 .3882 .3702 .54148
334 39.1C000 .6363 .5916 .89778
332 36.38000 .b6344 .5898 .8197
333 38.3000 .6344 .5898 .9567
333 26.7000 .6344 .5898 .9144
332 37.5000 .B325 .5880 . 9355
332 37.3000 .B325% .5880 .9302
333 38.0000 .6344 .5898 .84g7
333 37.1000 .6344 .5888 .9249
330 36.2000 .6287 .5845 .8012
490 55.5000 .9335 .8678 1.4112
434 5%, 1000 .9411 .8749 1.4006
434 54.6000 .8411 .8749 1.3874
494 54.2000 . 9411 .8749 1.3768
432 56.0000 .9373 .8714 1.4244
436 53.8000 .8259 .8608 . 1.36B63
408 54.8000 .9297 .8643 1.3927
436 55.5000 .8419 .8785 1.4112
156 55.0000 .B637 .8076 1.3880
612 69.5000 1.16%9 1.0839 1.7812
620 7G.1000 1.1812 1.0981 1.8050
618 70.5000 1.17749 1.0946 1.8076
634 74.8000 1.2078 1.1229 1.9212
604 67.2000 1.1507 1.0698 1.7204
614 69.8000 1.1697 1.0875 1.7891
610 70.6000 1.1621 1.0804 1.8103
616 70.4000 1.1736 1.0810 - 1.,8050
602 68.1000 1.1469 1.0662 1.7442
774 85.8000 1.4746 1.3708 2.2118
780 87.2000 1.4860 1.3815 2.2489
760 86.3000 1.4479 1.3460 2.2252
788 85.800¢C 1.5012 1.3956 2.2119
772 88,1000 1.4708 1.,3673 2.2727
788 87.0000 1.5012 1.3956 2.2437
780 84.2000 1.40060 1.3815 2.1687
772 85.6000 1.4703 1.3673 2.2067
772 85.3000 1.4708 1.3673 2.1887
944 112.8000 1.7884 1.6719 2.8281
932 114.1000 1.8899 1.7568 2.8598
976 115.7000 1.8594 1.7286 3.0021
976 113.7000 1.8594 1.7236 2.9443
972 113.0000 1.8518 "1,7215 2.9308
960 114,5000 1.8289 1.7003 2.9704

Table 7.6 Experimental results for electrodes positioned at
z = 2.54cm. :
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Magnetic

Counts in Amplifier Speed Reynolds  Flowmeter
100 mS  output mv m/sec Number output mv

o 2.1000 o 0 0

90 11.5CC0 .1715 . 1594 . 2484

gl 11.00G0 .1734 .1612 .2352

a3 11.10G0 . 1772 . 1647 .2376

95 11.7000 . 1810 . 1683 .2537

a5 10.8C00 . 1810 . 1683 .2299

Q4 10.9000 . 1791 .1665 . .2326

93 10.8000 1772 . 1647 . 2289

94 11.2000 .1781 . 1665 .2405

94 10.9000 .1791 . 1665 .2326
210 21.4000 .4001 .3719 .5100
212 21.8000 .4039 .3755 .5206
211 21.7000 .4020 3737 .5180
212 22.2000 .4039 . 3755 5312
212 21.8000 .4039 .3755 .5206
213 22.2000 .4058 3772 5312
214 22.20C0 .4077 .3790 .5312
214 22.3000 . 4077 .3790 .5338
214 22.1000 .4077 .3790 .5285
332 34.3000 .6325 .5880 .8510
335 34.3000 .6282 .5933 .8510
333 34.1000 .6344 .5898 .8457
334 34.3000 6363 .5916 .8510
334 34.8000 .6363 .5916 . 8642
333 34.5000 6344 .5898 8562
334 34.6000 .6363 .5816 .85689
333 34.2000 .6314 .5898 .8483
340 35.3000 .6477 .6022 .8774
482 <48.4000 .9183 .8537 1.22356
496 47.2000 .89449 .8785 1.19189
484 46,7000 .8221 .8572 1.1786
484 47,4000 8221 .8572 1.1971
484 47.8000 Q221 : .B8572 1.2104
4186 49,3000 .9259 .8609 1.2474
484 47.9000 .8221 .8572 1.2104
486 47,2000 .9258 . 8608 1.1919
408 47.8000 9297 .8643 1.2077
608 60.9000 1.16583 1.0768 1.5539
616 62.5000 1.1736 1.0910 1.5862
636 63.2000 1.2117 1.1264 1.6147
602 60.0000 1,14569 1.0662 1.5301
592 60.5000 1.1278 1.0485 1.5433
630 62.8000 1.2002 1.1168 1.60414
582 59.6000 1,1278 1.0485 1.5186
598 60.6000 1.1393 ~1.0%91 1.5460
622" 63.1000 1.1850 1.1016 1.6121
776 75.0000 1,4784 1.3744 1.9265
756 75.5000 1.4403 1.3380 1,8397
776 76.6000 1.4784 1.3744 1.9688
743 74.6000 1.4250 1.3248 1.9160
7186 71.70G0 1.3641 1,2681 1.8393
772 76.1000 1.4708 1.3673 1,98556
788 77,2000 1.5012 1.3956 1.9847
760 75.6000 1.4479 1.3460 1.8424
756 74.4000 1.4403 1.3390 1.9107
1000 98,5000 1.9051 1.7711 2.5476
943 96.8000 1.8061 1.6790 2.5053
g52 98.3000 1.8137 1.6861 2.5423
9386 97.7000 1.8975 _1.7640 2.5264
976 98.1000 1.8594 1,7286 2.5370

Table 7.7 Experimentalresults for electrodes positioned at
z = 5.08cm
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Magnetic
Counts in Amplifier Speed Reynolds Flowmeter
100 mS output mv m/sec Number output mv
-0 2.10G0 0 3 0
84 7.2000 . 1600 . 1488 . 1295
BY 7 5000 . 1696 . 1576 . 1427
30 - 7.4000 .1715 .1594 . 1401
S0 7.2000 L1715 . 1594 . 1348
S2 7.4000 .1753 .1629 . 1401
g3 7.2000 L1772 . 1647 .1348
g4 7.7000 .1791 . 1665 . 1480
85 7.50C0 .1810 . 1683 .1427
g5 7.40090 .1810 . 1683 .1401
213 14.6000 .4058 3772 .3303
213 14,5000 . 4058 3772 3277
214 14,4060 .4077 .3790 .3251
214 14.20C0 .4077 .3790 .3188
215 14,2000 . 4096 .3808 .3168
214 14.3000 .4077 .3780 3224
216 14.70C0 .4115 .3826m .3330
215 15.00C93 . 4096 .3808 . 34C39
215 14.6000 . 4096 .3808 .3303
337 22.20C0 .6420 .5868 - .5312
338 22.80C0 .6439 .5886 .5497
339 23.6000 .B458 .6004 .5682
338 23.5000 .6458 .6004 .5655
339 23.3000 .64=8 .6004 .5603
340 23.80GD .6477 .6022 5735
338 23.90C0 . 6439 .5986 .5761
335 22.7060 .6382 .5833 5444
344 22.5000 .6554 .6093 .5391
482 30.20C0 .9183 .B8537 . 7426
182 31.200C0 .9183 .B537 . 7690
490 31.6000 L9335 .8678 . 7796
48¢; 31.5060 . 9259 . 8608 .7770
481 31.3000 .91G4 .8519 27717
458 29.3000 .8725 .8112 .7188
456 29.7000 .B687 .8076 . 72584
482 30.80600 .8183 .B8B537 .7611
456 29.3000 .8687 .8076 .7188
592 37.2000 1.1278 1.048% .8276
606 37.50C0 1.15495 1.0733 .8355
586 38.40C0 1.1355 1.,0556 .9593
606 38.40C0 1.1545 1.0733 .89593
608 37.1000 1.1583 1.0768 .8248
604 38.2000 1.1507 1.0698 .8540
612 38.8000 1.1659 1.0839 .9699
5386 37.40C0 1.1355 1.0556 .9329
594 38.0000 1.1316 1.0520 .9487
788 50.1000 1.5012 1.39586 1.2685
762 47.380C0 1.4517 1.3496 1.2104
786 49,9000 1.4974 1.3921 1.2632
786 50.2000 1.5165 1.4098 1.2711
762 47.70C0 1.4517 1.34386 1.2051
792 51.1000 1.5089 1.4027 1.2849
790 50.40C0 1.5050 1.3992 1.2764
7841 50.40C0 1.4326 1.3886 1.2764
780 52.0000 1.4860 1.3815 1.3187
aB6 66.30C0 1.8785 1.74963 1.6966
g72 B6.1000 1.8518 1.7215 1.6913
932 64.8000 1.7756 1.6507 1.6570
876 67.1000 1.8584 1.7286 1.7178
876 67.2000 1.8584 1.7286 1.7204

Table 7.8 Experimental results for electrodes positioned at
2 = 6.45cm,
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Magnetic
Counts in . Amplifier Speed Reynolds Flowmeter
100 mS  output mV m/sec Number output mv

0 2.1000 8] 8] 9]
86 3.80C0 .15.38 . 1523 . 0449
89 3.70C0 .1.e8 . 15786 .0423
89 3.B6CCC . 1886 L1576 .0386
68 4.30C0 L1677 . 1559 .0s81
S0 3.80C0C L1715 . 1594 . 0449
8N 3.80C0 .1715 . 1534 .0476
a8 3.8000 L1677 . 1559 . 0449
83 3.80C0 . 16836 . 1576 . 0449
87 4.,40G0 . 1857 .1541 .0608
209 7.70CC0 .3982 .3702 - . 1480
210 7.50C0 .4001 .3719 . 1427
211 7.30CC .4020 L3737 .1374
211 8.50C0 .4020 .3737 .1691
212 8.50C0 .4038 .3755 . 1691
212 7.70C0 .4039 .3755 . 1480
212 7 .6000 ,4033 .3755 .1453
212 7.60C0 .4038 .3755 . 1453
213 8.00c0 .4058 .3772 . 1559
342 11.80CQO .B516 .B057 .2590
336 11.80G0 .6401 5851 . 2580
339 12.00GC0 ’ .6458 .B6004 .2616
340 12.40G0 .B6477 .B022 .2722
342 11.80C0 .B516 .6057 .2580
341 12.3000 .B4386 .6040 . 2686
334 12.2000 .B363 .5816 . 2668
344 13.0000 .B6554 .6083 .2881
346 12.2000 .6592 .6128 . 2669
442 16.4000 .8421 .7828 .3778
506 18.3000 .89640 .8962 .4281
526 18. 1000 1.0021 .9316 .4228
504 18, 1000 .8602 .8926 .4228
432 17.7000 .9183 .8537 .4123
50N 17.8000 . 9526 .8856 .4149
518 19.6000 . 98698 .9174 L4625
516 18.8060 .89830 .8138 . 4440
528 17.70C0 1.00%9 .8352 .4123
636 22.000C0 1.2117 1.1264 .5258
592 24 .4000 1.1278 1.0485 .5893
608 22.7000 1,1583 1.0768 .5444
820 22.1000 1.1812 1.0881 .5285
628 21.7000 1.1864 1.1123 .5180
608 24. 20600 1.,1583 1.0768 .5840
608 23.4000 1.1583 1.0768 .5629
832 22,2000 1.,2040 1.1193 .5312
618 21.8000 1.1774 1,.0846 . 5206
720 29.0000 1.3717 1.27%2 .7108
880 24.7000 1.2955 1.2044 .5873
700 25.3000 1.3336 1.2398 6131
700 25.5000 1.3336 1.2398 .6184
684 23.9000 1.3031 1.2114 5761
688 24.0000 1.3107 1.2165 .5788
700 26.41000 1.3336 1.23%8 .B422
732 26.7000 1.39416 1,265 .B501
680 23.3000 1,2955 1.,20494 .5603
924 34.8000 1.7603 1.8365 .8668
972 34,4000 1.8518 1.7215 .8536
S04 34.70C0 1.7222 1.6011 .B615
S00 33. 2000 1.7146 1.5840 .8219
60 34.6000 1.8289 1-.7003 .8588
g932 35.60C0 1.7756 1.6507 .8853

Table 7.9 Experimental results for electrodes positioned szt
z = 10.16cnm.
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Maoonetic Flux
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Figure 1.1 Schematic of induced voltage electromagnetic flowmeter
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Figure 1.2 Shercliff weight function. for uniform field and point
electrode flowmeter
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symmetrical normal eddy currents
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b) Flow induced currents produce secondary fields which effectively
distort the primary field in the direction of the flow.

Figure 1.3 Principle of eddy current flowmeter
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Block diagram of pulsed field flowmeter operating

on the principle of recording the shift in the peak

of the emf induced in the measuring coil; a— position
of the coils, b~ curves of the current and emf in the
transmitting and receiving coils.
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Figure 1.5 A loop-type primary system
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Figure 1.6 A pool-type primary system
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SECONDARY COILS

PRIMARY COILS

Figure -1.7° Eddy current flow through type flowmeter

SECONDARY
COILS

Figure 1.8 Eddy current probe-type flowmeter
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reference voltage coil

| ,
field coil S

\

pole piece

Figure 1.9 Flowmeter for magnetic slurries (Mannherz and Schmook 1968)
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Figure 1.10 Saddle ¢oil flowmeter
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Figure 3.1 Flowmeter geometry
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Figure 3.2 Two dimensional flowmeter for magnetic slurries
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Figure 4,1 8Side view of fIowmeter showing current loops at the edges
of the field
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Figure 4.2 Distortion of transverse magnetic field
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Figure 4.5 To show the direction and symmetry of magnetic field
components at cross-section of coil.

Figure 4.6 Portion of the thin conducting wall
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Figure 4.10 View of flowmeter showing current loop at the edges
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Figure 4.13 Induced voltage distribution in the plane, & = /2
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a) Section perpendicular to flow (on xx')

-

..

b) Section perpendicular to magnetic field

Figure 5.1 The virtual current lines. for circular conducting thin
wall flowmeter with point electrodes



W=.53

Figure 5.2 W-distribution at the cross section of pipe with a saddle
coil, electrode positioned at the middle, no flow (Rm = 0),
wall conductivity no. = .044, and no contact resistance.

.75
Figure 5.3 W-distribution at the cross section of pipe using a gaddle

coil, electrode positioned at the middle, R = 5, wall
conductivicy no. = .044 and no contact resistance

r.!



_ V=.51
Figure 5.4 W-distribution at the cross section of pipe with a saddle
coil, electrode positioned at the edge of field, calculations
were made for R_ = 0 and R_ = 5 and the distribution of W was

: m .
the same for bofh, wall conductivity no. = .044 and no
contact resistance

W=.51

Figure 5.5 W-distribution at the cross section of pipe using & saddle
coil, wall conductivity no. = 0, and no'contact resistance
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Figure 5.6 W-distribution at the cross-section of pipe with a
diamond coil, electrode positioned at the middle,
no flow (Rm = 0), wall conductivity no. = .044,

and no contact resistance.
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Figure 6.1 Eq.ectromagnetic flowmeter design yhjchmeasures the flowrate
independent of fluid properties (pagnetic property and
"electrical conductivity 9

Xls

£
o~

2a

Figure 6.2 Electromagnetic flowmeter model used bY qpatcher (1971)
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Figure 6.3 Diagram showing the resistance for integrating the
signal along the pipe
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Figure 7.2

Side View of Experimental Rig
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Figure 7.4 View of Braking System
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FPigure 7.6 View of Flowmeter Assembly
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Figure 7.7 View of Instrumentation

LAY,



Amplifier Output (mV)

202

360 ————
320}
280 |
240:
200:
160 |
120 |
80|

40

Figure 7.8 Amplifier

Amplifier input (mV)

calibration

7.2

8.0



Magnet

Rig
Encoder -——@ l——' _——
__I —

_! ‘
f

solenoids

counter range

digital Ei A ul.nder :
differentliall voltmeter cY
. . control ang
amplifier bscilloscope fri , ] T
L riggenying [¥coun er ]
-_|- + T c1rcu1qﬁ| ) ___l
4 ! [] -————-—‘ M )
| L= =)
P Signal
- =—=—-— trigger
———— power

Figure 7.9 Block diagram of instruments showing earth connections

£0¢



Figure 7.10 View of Permanent Magnet and Hall Probe
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d)Rz = 1,7, Counting Period = 25mS,Scale .1S-20mV

= .87, Counting Periocd = 50mS,Scale .25~10mv

Figure 7.14 The signal displayed on the oscilloscope a)R
bR

c)R

= .36, Counting Period

- 1.4, Counting Period

100mS,Scale .5S- 5mv
50mS,Scale .1S-20mv
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Figure 8.1 Graphs plbtting the dependence of the emf as a function of
time in the measuring coil when a pulse is transmitted
between two circular circuits in a moving electrically

conducting medium
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Figure 8.2 Typical lattice arrangement
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Figure 8.3 Distribution of vector potential function at different time intervals
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cross section

Figure A.1 Saddle type coils (concentric winding)

Figure A.2 cCalculation diagram using Biot-Savart's Law for magnetic
field of a saddle type coil.
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Figure B.3 Cross-section of coil showing the winding arrangement
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Figure B.4 Diagram of curved part of the saddle coils
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Figure B.6 Magnetic field distribution at z/a = 0, along y/a axis
of coil and ¢ = 0 and three different types of saddle
coil windings
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da) View of coil from top

coil former

coil winding

b). Cross section

Figure C.2 Plan view of diamond-type coils
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Figure C.3 Top diamond coil showing the direction of dg and dz
at different sections of coil

Figure C.4 Bottom diamond coil, showing the direction of gs and dz
at different gections of coil
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Z/Q =Axis

Figure C.5 Magnetic field distribution along z/a
of diamond coil for three coil angles

axis at the centre

Z/7a —-Axis

Figure C.6 Magnetic field distribution along z/a
coil at R/a = 2.7.

axis of diamond




Bx (mtesla)

233

a.sf

3.0k

ol

[ 1
1.5F ]
0'8 N S | A A 1 " i ] 1 " 1 L il PR SN S P Gy \ 1

.0 0.3 o056 0.9 1.2 1.5 1.8 2.1 2.4 2.7 3.0

Y/a -Axis

Figure C.7 Magnetic field distribution at z/a

of diamond coil for three coil angles
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0 along ¥a axis



234

REFERENCES

Baker R.C. (1968a) "On the potential distribution resulting from
flow across a magnetic field projecting from a plane wall."

J. Fluid Mech. Vol. 33 pp.73-86

Baker R.C. (1968b) "sSolutions of the electromagnetic flowmeter
equation for cylindrical geometrics." Br.J.Appl. Phys. (J.Phys.D)

SER 2 Vol.l pp.895-899

Baker R.C. (1973) '"Numerical analysis of the electromagnetic

flowmeter." Proc. IEE Vol.120 No. 9 pp.1039-1043

Baker R.C. and Saunder P.M. (1974) "A numerical and experimental
investigation of flux distortion flowmeters." Work undertaken

for U.K.A.E.A. Reactor Group, Risley, Warrington

Baker R.C. (1977) "Electromagnetic flowmeters for fast reactors."

Progress in Nuclear Energy. Vol. 1 pp.41-61

Baker R.C. and Tarabad M. (1978) "The performance of electro-
magnetic flowmeters with magnetic slurries." J.Phys.D.

Appl.Phys. Vol.1l pp.167-175

Bean C.P., DeBlais R.W. and Nesbitt L.B. (1959) "Eddy-current
method for measuring the resistivity of metals." J.Appl.Phys.

Vol.30 No.l12 pp.1976-1980



235

8. Bevir M.K. (1969) "Induced voltage electromagnetic flowmeters."

PhD thesis, University of Warwick

9. Bevir M.X, (1970) "The theory of induced voltage electromagnetic

flowmeters." J.Fluid Mech. Vo0l.43 pp.577-590

10. Bevir M.K. (1971) "Long induced voltages electromagnetic
flowmeters and the effects of velocity profile." Q.J.Mech. and

Appl.Math. Vol.24 pp.347-372

11, Boucher R.A. and Ames D.B. (1961) "End effect losses in DC

MHD generators." J.Appl.Phys. Vol.32 No.5 pp.755-759

12, Campbell R.H. (1973) "Primary system design of sodium cooled
fast reactors". Journal of British Nuclear Energy Society

Vol.12 pp.357-365

13, Cushing V. (1958) "Induction flowmeter (for use with dielectrics)."

Rev. Sci. Instrum. 29,692

14. Dean S.A., Harrison E. and Stead A. (1970) "Sodium flow

monitoring." Nuclear Engineering International Vol. 15 No.174

15. Dodd C.V. and Deeds W.E. (1967) "Electromagnetic forces in

conductors." J.Appl.Phys. Vol38 No.13 pp.5045-5051

16. Duncombe E. and Thomasson R.K. (1970) "Sodium process instru-
mentation for the Dounreay PFR."™ Nuclear Engineering International

Vol.15 No.172 pp.714-717



17.

18.

19.

20.

21,

22.

23.

24.

236

Dwight H.B. (1961) "Tables of integrals and other mathematical

data." Macmillan 4th edition

"Electromagnetic methods of measuring the parameters of MHD
processes." Academcy of Sciences of the Latvian SSR, Institute
of Physics. "Zinatne" publishers, Riga, 1968 English

Translation U.K.A.E.A. Culham Laboratory. April 1977,

Faraday M. (1832) "Experimental researches in electricity”

Vol. 1 p.55 January

Feng C.C., Deeds W.E. and Dodd C.V. (1975) “"Analysis of eddy-

current flowmeters." J.Appl.Phys. Vol.46 No.7 pp.2935-2940

Foster G.A. (1971) '"Performance of permanent magnet flow-
through-type sodium flowmeters in EBR-II instrumented

subassemblies." IEEE Trans. NS18(1) pp.363-365

Foster G.A. (1973) "Long-term stability of Alnico 5 and 8
magnets at 700 to 1200°F. " Argonne National Lab. I11(USA)

Report No. ANL~CT-73-16
Gammerman M.Ya and Mezhburd v.I. (1971) "Weight functions of
electromagnetic flowmeter in the three dimensional approximation."

Magn. Gidrodin. No. 3 pp.130-133

Hartmann J. (1937) Math-fys. Medd. 15, No. 6



25.

26.

27.

28.

29.

30.

31.

32.

237

Hayes D.J. (1974) "Instrumentation for ligquid sodium in nuclear

reactors.” J.Phys.E.: Scientific Instruments pp.69-75

Hess B. and Ruppert E. (1975) " Instrumentation for core and
coolant monitoring in liguid metal fast breeder reactors (LMFBR)."

Atomic Energy Review, 13, 1 pp.81-144

Hirayama M. (1977) "Theoretical model of an eddy current

flowsensor."” IEEE Trans. Vol.NS-24 No.5 pp.2021-2030

Kalnin R.K., Kisis A.Yu. and Sermons G.Ya (1966) "A contactless
device for measuring the flow velocity of an electrically

conducting fluid." Magn. Gidrodin. Vol.2 No.3 pp.150-151

Kemmer N. (1977) "Vector analysis." Cambridge University Press

Kirshtein G.Kh. and Timofeev V.A. (1975) “Effect of a magnetic
field non-uniform along the stream on the characteristics of
electromagnetic flowrate transducers.” Magn. Girodin. No.4

pp.139-142

Kirshtein G.Kh. and Timofeev V.A. (1977) "Effect of magnetic
field distribution on the weighting function of a conduction

flowmeter for rectilinear flow." ™Magn. Gidrodin. No.l pp.125-130

Kolin A. (1945) "An alternating field induction flowmeter of

high sensitivity."” Rev.Sci.Instr. Vol.16 No.15 pp.109-116



33.

34.

35.

36.

37.

38,

39.

40.

238

Komori Y., Someyana T., Iwametoc S., Yamada K. and Kobayashi H.
(1974) "Shimadzu . electromagnetic flowmeter for liquid sodium."

Shimadzu Hyoran 31, 163

Kormilov V.P. and Logincv N.I. (1978) "Effect of the velocity
head on the output voltage of an electromagnetic velocity meter

with a cylindrical magnet."” Magn.Gidrodin No.l1 pp.121-124

Korsunskii L.M.(1974) "Effect of the velocity distribution on
the readings of flowmeters with a magnetic field intensity
inversely proportional to the weighting function." Magn.

Gidrodin. No.2 pp.125-128

Lehde H. and Lang W.T. (1948) '"Device for measuring rate of

fluid flow." U.S. Patent 2 4357043

Loginov N.I. (1971) "Distribution of the potentials in an
electromagnetic velocity meter with a cylindrical magnet."

Magn. Gidrodin No.2 pp.128-132

Mannherz E.D. and Schmock R.F. (1968) "Magnetic flowmeters for

magnetic slurries." U.S. Patent 3 380 301

Meshii R. and Ford J.A. (1969) "Calibration of electromagnetic
flowmeters in the Enrico Fermi atomic power plant." Nuclear

Applications and Technology Vo. 7 pp.76-83

Meyer R.X. (1961) "Some remarks concerning magneto-hydrodynamic
applications to re-entry problems." Second symposium on the

engineering aspects of MHD (Columbia University Press)



41.

42.

43.

44,

45,

46,

47.

239

Moore R.V. and Hurst R. (1961) "The fast breeder reactor." Journal

of the British Nuclear Energy Conference Vo. 6 pp.l161-165

Nagao A. and Ishibash R. (1976) "Resistivity measurement of
NaCl solution by eddy current decay method." Japanese J.Appl.

Phys. Vol. 15 No. 4 pp.627-631

"Non-contact control of liguid metals flow". (1968) Academy of
Science - Latvia Republic of the Soviet Union, Institute of

Physics, Zinatne, Riga

Pfister C.G. and Dunham R.J. (1957) "D-C magnetic flowmeter for

liquid sodium loops." Nucleonics Vol.15 No.10 pp.122-123

Popper G.F. and Glass M.C. (1967) "The design and performance of
a 1200°F magnetic flowmeter for in-core application in sodium

cooled reactors." IEEE Trans. Nuc.Sci. NS-14(1), 342

Rummel Th. and Ketelson B. (1966) "A non uniform magnetic field
makes inductive measurements of the flowrate possible with all
velocity profiles encountered in practice." Regelungstechnik,

No.6 pp.262-267

Sermons G.Ya. (1964) "Propagatiom of an electromagnetic field pulse
in a moving electrically conducting medium." Transactions of the
Academy of Sciences of the Latvian SSR, physical and technical

sciences series no.1l, 33



48.

49,

50.

51.

52.

53,

54.

55.

240

Sermons, G.Ya :° T ..~ (1966) "Theory of propagation of
pulsed magnetic field in moving conducting media.” In: Motion

of conducting bodies in a magnetic field. Riga "Zinatne", p.135

Sermons, G.Ya and Zheigur B.D. (1964) "Study of the propagation
of an electromagnetic field pulse in a moving medium." Problems
of Magnetic Hydrodynamics, 4. Riga, Academy of Sciences of the

Latvian SSR Publishers, 91

Shercliff J.A. (1954) "Relation between the velocity profile and
the sensitivity of electromagnetic flowmeters." J.Appl.Phys.

Vol.25 pp.817-818

Shercliff J.A. (1962) "The theory of electromagnetic flow

measurement." Cambridge University Press

Simnad M.T. (1971) "Fuel element experience in nuclear power

reactors." Gordon and Breach Science Publishers, Inc.

Smythe W.R. (1968) "Static and dynamic electricity."

McGraw-Hill, 3rd edition

Thatcher G. (1971) "Electromagnetic flowmeters for liquid metals."
International Conference on modern developments in flow measurement,

Harwell pp.359-380

Thatcher G., Bentley, P.G. and McConigal G. (1970) "Sodium flow
measurement in PFR." Nuclear Engineering International Vol.15

No.173 pp.822-825



56.

57.

58.

59.

60.

61l.

62.

63.

Thiirlemann B. (1941) "A method of electrically measuring the

velocity of fluids." Helv.Phys.Acta., No.l14 pp.383-419

Turner G.E. (1960) "The non-linear behaviour of large permanent-

magnet flowmeters." Atomics International Report NAA-SR-4544

7’

Velt I.D., and Mikaileve Yu.U. (1977) "E.M. flowmeter with a

non-uniform magnetic field for liquid metal."” Magn.Gidrodin,

No.l pp.131-135

Wenger N.C. (1971) "Effect of velocity profile distortion in

.circular transverse field electromagnetic flowmeters." NASA

TND-6454

Wiegand D.E. (1967) "Summary of an analysis of the eddy current
flowmeter." 14th Nuclear Science Symposium, IEEE, Los Angeles,

October.

Wiegand D.E. (1969) "The eddy current flowmeter. An analysis
giving performance characteristics and preferred operating

conditions." Argone National Laboratories Engineering and

Equipment. Rep. No. BNL-7554 August.

Williams E.J. (1930) Proc. Phys. Soc. Lond., 42, 466

Zheigur B.D. and Sermons G.Ya. (1965) "Pulse method of measuring
the flowrate of liquid metals." Academy of Sciences of the Latvian

SSR Institute of Physics "Zinatne" Publishers, Riga.



242

64. Yada H. (1970) "Fuji electromagnetic flowmeters for liquid

sodium." Fuji Electric Journal 43, 194(24)



243

PUBLICATIONS

Baker, R.C. and Tarabad, M. (1978) "The performance of
electromagnetic flowmeters with magnetic slurries." J.Phys.D.

Appl.Phys., Vol. 11 pp.167-175

Tarabad, M. and Baker, R.C. (1979) "Electromagnetic flowmeters
for sodium-cooled reactors."” Proceedings of IMEKO symposium on

flowmeasurement and control in industry, Tokyo, Japan, November.

Baker, R.C. and Tarabad, M. (1979) U.K. Patent Application

No.119243,



