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Summary

Context ofthe present work
Companies like Unilever deal with enormous amounts of liquid products. During the
fabrication process, often very complex systems are necessary for filling the packages
(bottles, tubes, boxes, etc.). Especially for the mass-production of liquids foods or shampoos,
three important facets of these systems are its hygienic, its accuracy and its speed of
operation.
An important part of the filling system is the part that controls the amount of product, put in
the package. Today, many of Unilevers liquid mass-products are dosed based on the elapsed
time, the amount of product into the package is controlled by the time that the valve is open.
However, due to the high speed, the amount of fluid flow will differ. This variation is
counted for by means of an additional amount of product.
In order to reduce this give-away Unilever is interested in the possibilities of including
flowmeters in the system. Electromagnetic flowmeters are very well suited for this task due
to their robustness and hygienic properties.

The objective of this study is to get more insight in the behaviour and the performance of
electromagnetic flowmeters for volume flow measurement.

Nature ofthe work
There are many different types of electromagnetic flowmeters. Different configurations of
the magnetic field or electrodes are possible and some flowmeters even use a specially
shaped tube. Because not all different configurations can be evaluated, the scope of this study
will be limited to one broad class of electromagnetic flowmeters. The flowmeters of this
class use constant magnetic fields and multiple point electrodes.
To achieve the objective, the following has been done. For this class of flowmeter a model
has been derived. This model is able to simulate the behaviour of different configurations of
the flowmeter for different velocity profiles. The model can also be used to investigate the
relative performance between these configurations.

Investigating the behaviour and performance of these flowI1eters for volumetric flow
measurement is another application which will briefly be ooked at. This application

concerns the measurement of rheological parameters of fluids. Research reported in the
literature for this application will be described and discussed at the end of this report.

Mainfindings and recommendations
This report proved that an estimation of the relative improvement between different
configurations can be made based on simulations with the model. It is important, however, to
base these simulations on velocity profiles which are representative for the practical
situation. In this report, trends are identified concerning the improvement of performance
between different configurations of the flowmeter. These trends can be used to limit the
numbe~ of simulations in the future.



Concerning the possibilities of electromagnetic flowmeters to measure fluid characteristics,
the following conclusions can be made:

• Not much research has been done yet concerning the application ofthis kind of flowmeter
for measuring rheological parameters. Possibilities for power-law fluids have been
investigated, but the usefulness for other non-Newtonian fluids is questionable.

• Concerning the reconstruction of velocity profiles one method seems promising but still
needs some additional attention.

Future work
Experiments should be carried out to identify the characteristics of the velocity profiles in
several filling systems. Furthermore, experiments with different liquids and one or two
different flowmeters should be done to collect information about the measure of accuracy for
these configurations. With this information, together with the characteristics of the fluid
flow, simulations should be performed with the model to investigate the improvements
between different configurations. The trends derived in this report can be used to limit the
number of simulations.

Future developments in research after (alternative) electromagnetic flowmeters should be
looked. This kind of flowmeter offers good opportunities for many different applications in
the food industry. Besides flowmeters with point electrodes and constant magnetic fields,
flowmeters with plate electrodes or time-varying fields might also become. Especially when
the sensitivity and efficiency of flowmeters with large insulated electrodes improves, this

kind of flowmeter will become very useful.

Besides looking at the possibilities of electromagnetic flowmeters for flow rate measurement,
the application of reconstruction of the velocity profile seems to be very promising.
Developments on this area should be watched too.

II
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Introduction

1. Introduction

Unilever is a large supplier of consumer products as soups, sauces, detergents, etc. Therefore,
enormous numbers of packages (bottles, tubes, boxes, etc.) have to be filled according to the
following requirements:

• The filling should be under high speed so that as much packages as possible can be filled.
• The filling should be accurate so that every package contains the right amount of

product.
• The filling process must occur sufficiently hygienic, especially when food products are

concerned.

Depending on the nature of the product, different kind of filling systems are used. An
important part of this filling system is its dosing mechanism. Today, most ofUnilevers liquid
mass-products are dosed based on time. The amount of product into the package can be
controlled by the time that the valve is open. However, due to the high speed shock waves
occur in the filling system. These shock waves, together with variations in product properties
(e.g. variations in the density or viscosity of the product) result in variations in the fluid flow.
In order to guarantee a minimum amount of product' in a package, the inaccuracy of the
system must be counted for. This requires that the package is filled with an additional
amount of product.

In case of mass production profit can be made when the size of additional product is reduced.
With the same amount of product, more packages could be filled. This reduction can be
achieved when a more accurate method is used for the controlling of the valve. One method
to control the valve is the use of a flowsensor combined with a controller. This flowsensor
should not only indicate the mean velocity, but also count for fast changes. This, without
obstructing the fluid flow and if possible without using moving parts, to meet the hygienic
aspects of the filling system.

Flow measurement can be done using a diversity of measuring mechanisms, being based on
different principles. The electromagnetic flowmeter is one of them, interesting for the
following reasons:

• They are able to measure fluid flow, without obstructing the flow and without using
moving parts.

• They have proved to be able to measure very fast changes in liquid flow.
• They have proved to be able to measure the mean fluid flow very well.

This report investigates the opportunities of this type of flowmeter for Unilever. The study
concerns the use of these flowmeters to measure ofthe mean volume flow of fluids.
The main goal is to get more insight in the behaviour and the performance of electromagnetic
flowmeters.

I The relation between the minimum product in a package and the amount ensured by the producer, is

specified by the law.
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Introduction

To achieve this goal, thl following steps are made:

1. The fundamentals of electromagnetic flowmeters are studied.

2. Based on this knowledge, one type of flowmeter is selected, which seems to offer the
best opportunities for Unilever.

3. For this type of electromagnetic flowmeter a model is derived to investigate its

behaviour.
4. With this model, simulations are carried out to predict theoretically the relative

performance between different configurations of this class of flowmeter.

Besides that, the possibilities of electromagnetic flowmeters to measure characteristics of

fluids wi II be looked at in this report. Therefore, some publications on this subject are briefly
described and discussed.

The composition ofthis survey is as follows.
In chapter 2 the fundamentals of electromagnetic flowmeters are described. In chapter 3 two

models are derived for the class of flowmeters with constant homogeneous magnetic fields

and point electrodes. Chapter 4 describes and discusses the simulation results performed with
this model.

Chapter 5 shows how electromagnetic flowmeters can measure the characteristics of fluids.

Finally, chapter 6 presents the conclusions of this report and the recommendations for work

in the future.
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Principles of electromagnetic flow measurement

2. Principles of electromagnetic flow
measurement

In this chapter, the basic principles of electromagnetic flow measurement are introduced. After a
review of some developments in research on this topic, the fundamental equations are introduced
and discussed. Paragraph 2.3 displays the preconditions concerning the main elements of the
flowmeters. This paragraph gives an indication of the circumstances under which the theory of
this survey is applicable. In paragraph 2.4 the basic equations are extended which will lead to the
introduction of the so called weight function. This weight function can be derived for many
different types of electromagnetic flowmeters and plays an important role in the performance of
these meters. Paragraph 2.5 handles the performance in more detail and the definition of three
important parameters is given. Based on these three definitions, the performance of different
configurations is discussed next. The advantages and disadvantages of these configurations will
be discussed and compared. One class of electromagnetic flowmeter will be selected which is
suited best for the applications for Unilever. Before terminating this chapter with some
conclusions, problems met in practice will be discussed.

First we will take a brief look on the history of electromagnetic flow measurement.

2.1 History of electromagnetic flow nteaSurement

The beginning of electromagnetic flow measurement brings us back in time more than a 150
years. In that time, the fundamentals of electromagnetism were already known. However, how
this theory could be applied on fluids moving in a magnetic field, was still unknown. It was
somewhere in the first part of the nineteenth century that Faraday examined the possibilities of
the extension of this theory to fluids.
One of Faraday's experiments to test his ideas, was the measurement of the induced voltage due
to the motion of the water of the river Thames in the earth's magnetic field. This attempt failed,
but lead to the first known publication concerning the application of electromagnetics for flow
measurement.
More experiments to measure river flows or the tides of seas and oceans would follow with
varying success. And it was not before 19321 that electromagnetic flowmeters were used as a
measuring instrument for the first time.

Another important date is 1954. It was until 1954, that one question had been bothering
researchers for many years: what was the relation between the velocity profile and the sensitivity
of electromagnetic flowmeters. For axisymmetric velocity profiles, it had been proved that the

IP. Fabre proposed in an article how to use electromagnetic flowmeters as measuring devices for flow in tubes (Fabre

(1932»
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Principles of electromagnetic flow measurement

sensitivity of the meter was independent of the velocity distribution2. And for many years this
relation was assumed to be the same for asymmetrical fluid flow also. But the failing of
theoretical proof for this relation, together with practical experiences contradicting this theory.
made researchers doubt this relation.
[n an article Shercliff(1954) answered this question. He showed that the effect of flow at various
paI1s of the pipe on the output signal could be described by a weight function. Due to the special
shape of these functions, electromagnetic flowmeters could be independent of symmetrical
velocity distributions, but would depend on the distribution in case of asymmetrical flow. Of
course, this dependency makes flowmeters less suited for applications where the flow is less
calm.
Since the weight function was introduced, to prove that it is wrong to assume electromagnetic
flowmeters to be independent of the velocity distribution, this function has been the backbone for
the research on electromagnetic flowmeters done hereafter. It has been a guiding line in the
design of new configurations and has formed the basis for models of many different types of
electromagnetic flowmeters. Owing to this, it also has become easy to compare the results of
different publications. The introduction of the weight function lead to a more structured approach
of the research on these kind of flowmeters

[t may be obvious that this weight function will form the basis for this survey too. But before we
will discuss this function in detail, the fundamentals of electromagnetic flow measurement will be
discussed and the necessary preconditions will be proposed.

2.2 Fundamental equations of flow measurement

Faraday and his contemporaries based their theory on the study of electromagnetics. One
fundamental aspect of electromagnetics is:

Solids moving in a magnetic field experience an electromotive force (e.m.f.) acting in a

direction perpendicular both to the motion and to the magnetic field.

Electrically conducting fluids, moving in a magnetic field, also under go an e.m.f.. For this

situation, two effects can be distinguished. If a current path is available, electric currents ensue
and a potential distribution appears across the fluid. Due to the electric currents, a magnetic field
is induced which will disturb the original magnetic field Alternatively, the magnetic field can be
changed in time. Due to the interaction of the currents md the magnetic field, an e.m.f. appears
which will perturb the original motion.

The science of motion of electrically conducting fluids under magnetic fields is called
magnetohydrodynamics (MHO) or hydromagnetics. MHO is based on the two effects described
here. The difference between MHO and ordinary hydrodynamics is that the fluid under
consideration is electrically conducting and not magnetic. The fluid affects the magnetic field not

by its mere presence but only by virtue of the electrical currents flowing in it.

2 Thlirlemann (1941)
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Principles of electromagnetic flow measurement

A fluid conducts if it contains charges. These charges can be ions or electrons moving free in the

fluid but can also be bounded like in dielectrics (e.g. molecular dipoles).
Charge particles under go forces of three kinds:

I. Charged particles can be repelled or attracted by other charged particles. The total force on
the particle per unit of its charge due to all the other charges present being the electrostatic
field Es (Volt/m). Beside this force, two other forces can, due to a magnetic field B, affect

charged particles in motion.
2. When a charged particle is moving with velocity v m/sec in a magnetic field, it will exert a

magnetic force v x B per unit of its charge. The force is perpendicular to v and B. The
direction of B is that in which the particle must travel to feel no magnetic force.

3. Another force occurs when charged particles are moving in a magnetic field which is

changing with time. Then, the particles will under go a further force E j per unit of its charge.

E j is called the induced electric field.

It depends on the electrical conductivity of the fluid flowing through the electromagnetic

flowmeter whether these three forces will playa significant role or not. Limits concerning the
measure of conductivity are illustrated in appendix A.
In case of liquid metals, thus when the conductivity is very high, the two characteristic effects of

MHO occur: the imposed magnetic field is disturbed by the induced currents and the motion of
the fluid is affected under influence of the magnetic field.
When less conductive liquids are considered, these effects play little or no part. We will divide
these liquids in two groups: the weakly or non-conductive fluids and the fluids which are
conductive enough. When we are dealing with weakly or non-conductive fluids, significant

charges will accumulate in the volume of the meter and on its surfaces. Due to these charges, an
electrostatic field is superimposed on the induced electric field, making the measurements with

the electrodes useless. There are magnetic flowmeters, suitable for this kind of fluids. They
operate with a time-varying magnetic field (which is not the case for most of the other

electromagnetic flowmeters) to establish a measurable electric field. For the fluids which are

conductive enough, this phenomena can be neglected and meters with constant or only slowly
varying magnetic fields can be used.

In this survey, we will focus on this last group. Thus we will neglect the distortion of the original

magnetic field and of the original motion of the fluid and also the accumulation of electrostatic
charges in the volume of the meter and on its surfaces. Now there are two forces working on the

free charges flowing through the pipe of the flowmeter. One force is the magnetic force v x Band
the other force is the electrostatic force Eso. This electrostatic force provides the electric field that

is demanded by Ohm's Law. This field is due to the charge distributions that automatically
appear (in accordance with EO div Eso = q) at the surface of the pipe when the fluid starts flowing

through the pipe. Once this field has been created, the electrostatic force won't affect the motion
of the charged particles significantly and therefore can be neglected.

Let's see what this means for our electromagnetic flowmeters. In this case an electrical
conducting fluid with a given velocity distribution flows in a known, constant magnetic field. We
have to analyse the resulting electrical effects for this situation. When these effects are known,

we will be able to find the relation between the potential difference appearing between two or
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Principles of electromagnetic flow measurement

more selected points or surfaces (the electrodes) to some characteristic flow quantity such as the
mean velocity.

We stmi our analysis with the assumption that the fluid is governed by Ohm's Law (in the form
without the Hall effect3):

j = a(E,o +vx B) (2.1)

in which j is the current density vector, cr the fluid conductivity and (Eso + v x B) the resulting
force on the charges in the fluid as discussed before.

Next we apply the same conditions on Maxwell's equations. Neglecting self-inductance 8B/8t

and the displacement current 8D/8t leads to

curl E,o = - bB~t ~ curl E,o = 0

curl B = Jlj + bD~t ~ curl B = JL.i

According to equation (2.2) the electric potential U can be defined as follows

E,o = - grad U

(2.2)

(2.3)

(2.4)

Equation (2.3) indicates how the induced currents affect the imposed magnetic field. As stated
earlier, this phenomenon will be neglected. However one relation which can be derived from
(2.3) is

div j = 0

The combination of the equations (2.1), (2,4) and (2.5) results in the Poisson equation

(2.5)

(2.6)

This is the basic flowmeter equation. This equation expresses the relation between the potential
difference appearing at the electrodes to the velocity profile v, under a given magnetic field B.
Given the appropriate boundary condition, this Poisson equation can be solved.

2.3 Assumptions

The previous paragraph resulted in a Poisson equation, relating the potential distribution U with

the velocity profile of the fluid and the constant magnetic field. Several assumptions, mainly
concerning the fluid, were made in order to simplify and focus the mathematical equations.
Before we extend our theory by solving the Poisson equation, we will define some preconditions

3 The Hall effect can be ignored if the sideways magnetic force on the drifting free charges can be neglected. The fluid

has to meet a few other requirements in order to be described by equation (2.1). These requirements are discussed in

section (2.3.1).
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on the main components of the electromagnetic flowmeter. These conditions will indicate the
circumstances under which the theory discussed in this survey is valid. The assumptions stated in
the previous paragraph will be summarised here.

2.3.1 The fluid

In paragraph 2.2 the following assumptions concerning the fluid were made:

• The fluid is non-magnetic.
• The conductivity ofthe fluids considered in this survey is not as high as for liquid metals.
• We will ignore weakly and non-conducting fluids.
• The fluid flow is continu over the cross-section and zero at the wall of the pipe.
• The fluid can be governed by Ohm's Law, in the form given by equation (2.1).

The first three assumptions have been discussed in paragraph 2.2. As can be seen in appendix A,
these assumptions won't endanger the validity of the theory in practice for many different
products. The fourth assumption won't be a restriction in practice either.
The fifth assumption concerns Ohm's Law, given by equation (2.1). As shown in paragraph (2.2),
the Hall effect is ignored by this equation. There are, however, a few more requirements which
have to be met by the fluid. These requirements are:

The conductivity of the fluid is homogeneous.
Thermoelectric effects due to non-uniform ity of temperature as well as electron diffusion due
to density gradients can be neglected.
Phenomena like the inertia of free charges and ion slip can be ignored. These will only playa
role in plasma's.

For most applications these conditions are wholly realistic. Ohm's Law requires the conductivity
of the fluid to be homogeneous. This requirement might not be met by all liquids which are of
interest of Unilever.

In order to prevent the model to become unnecessary complicated, some assumptions are made
concerning the flow of the fluid through the pipe. We will assume that the velocity profile can be
described in terms of velocity components being parallel to the pipe axis. Furthermore we will
neglect variation of velocity profile when it flows through the meter. This reduces the number of
dimensions of the problem to two and allows us to restrict our model to a cross-section of the
meter. These preconditions are commonly taken in research on electromagnetic flowmeters and
ser ious deviations between practice and theory due to t'lese conditions are therefore not to be
expected.

2.3.2 The tube

Unless stated elsewhere, we will concern "normally" shaped tubes of circular section. The tube is
made of a non-magnetic material to enable penetration by the magnetic field and therefore
doesn't affect the magnetic field. The tube is exposed to the magnetic field, in such a away, that
the fluid flows in a direction perpendicular to the magnetic field.

2-5
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2.3.3 The magnetic field

In most of this survey, we assume constant homogeneous magnetic fields. The edges of this field
are assumed to be sufficiently far away from the position of the electrodes. The intluences of the
edges on the performance of the meter will thus be neglected.
In paragraph (2.6.1) we will brietly look at tlowmeters with non-homogenous fields or fields with
time varying excitation. Paragraph (2.7.2) discusses the consequences of the limited length of the
magnetic field.

Another assumption is that the 'skin effect' doesn't occur. This means that the magnetic field is
not disturbed by induced currents. Whether this effect occurs depends on the relative
permeability of the tluid, /l, on the conductivity of the tluid, cr, and on the frequency of change of
either the tluid velocity or the magnetic field (: w). This effect can be neglected if the quantity
(/lcrwrY

' is large. This effect might occur when liquid metals are considered (large value ofcr) or
when the magnetic field is excitated at a high frequency (large value of w).

2.4 The characteristic function of the flowmeter

In the second paragraph of this chapter, we concluded with a Poisson equation which described
the relation between the potential distribution at the wall of the pipe, the velocity profile of the
tluid and the constant magnetic field. In the next paragraph, we will solve this equation for a
conventional tlowmeter. Only the most significant calculations are presented in this paragraph.
For more details, the reader is referred to appendix B. In paragraph 2.4.2 the properties of the
solution are discussed.

2.4.1 The conventional flowmeter

The essential features of an electromagnetic
tlowmeter are illustrated in figure 2-1. The
tluid tlows in a tube, in this case of circular
section. The tube is exposed to the magnetic
field, in such a way, that the tluid tlows in a
direction perpendicular to its length and
perpendicular to the magnetic field. The
result is a voltage, induced over the wall of
the pipe.
Furthermore, two electrodes are placed
opposite to each other, making contact with
the tluid. These electrodes obtain the
potential difference between these two
positions at the wall.

B = magnetic field

U = induced potential

(point) electrode

u

x

Figure 2-1 : The conventional flowmeter
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The basic relation for this flowmeter was given by equation (2.6):

\72U = div ~C~J x BC~) (2.7)

This Poisson equation determines, together with appropriate boundary conditions, the distribution
of the potential U from given distributions of v and B. Using a vector identity and the property

that curl B = 0 (the magnetic field is not affected by induced currents in the fluid), results in

\7 2U = BC~)' curl ~C~D (2.8)

Using electrodes at the positions ~ i we collect the potential distribution U(x,) at the pipe wall.

Using the Green's technique to solve the Poisson equation, this distribution is given by a surface
integral over the cross-section D of the pipe:

Here, G(~,x') is a Green's function which is the solution of the Poisson equation and is given
by

(2.10)

This function fits the solution (over D) of the Poisson equation to the boundary conditions. In our

problem the boundary conditions are represented by the surface charges (: at x' ) responsible for
Eso. This function uses boundary conditions, defined on a unit circle. Therefore we have to
normalise the pipe radius to unity. At the same time it is wise to use polar co-ordinates. This leads

to the following transformation:
for the co-ordinates ~: !. = [r cos <p ,r sin <pJ= r ei(P , with 0:::; r :::; 1,

for the position of the electrodes: x' =[cos <p' , sin <p'J= eiq>' •

Using this transformation, the Green's function becomes

(2.11 )

Applying the same transformation on equation (2.9), and substitution of (2.11) results in

U( ') 1 SS ( )(B sin<p' - rsin<p B rcos<p - COS<p' J d d<p = - v. r,<p x + 2 r r y
7t n • 1-2rcos(<p-<p')+r2 YI-2rcos(<p-<p')+r

(2.12)

Let's take a closer look at equation (2.12).

On the left hand side, we have the value of the induced voltage at the position <p' at the pipe

wall. The co-ordinates <p' will correspond to the positions of the electrodes.
On the right hand side, we notice the z-components of the velocity profile, vz, multiplied by the

function written between the two brackets. Integration of this product over the cross-section of

the pipe leads to the potential at pipe wall. The ability of the local velocity of the fluid flow to
contribute to the induced voltage U(<p') depends on the value of the function between the
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brackets. 111 other words, the relation between the potential distribution at the pipe wall and the
velocity profile is given by a weight function.

2.4.2 The weight function

(2.13 )

The previous paragraph concluded with the introduction the weight function. We saw that, 111

case of a conventional flowmeter, this weight function W(r,q» is given by

W( ) - ~(B sinq>' - rsinq> B rcosq> - cosq>' J
r,q> - 7t xl-2rcos(q>-q>')+r 2 + Yl-2rcos(q>-q>')+r2

The value of the weight function over the cross-section of the pipe, depends on the configuration
of the magnetic field and the position of the electrodes at the wall. This function tells us a lot
about the possible performance of the flowmeter. The ideal flowmeter would have a constant
weight function. In that case, local disturbances in the velocity profile result in a proportional
variation in the potential distribution. However, as Bevir4 proved for meters with a round tube

and point electrodes, an electromagnetic flowmeter can not be made ideal.

10.5
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-0.5 7°.-
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0.8

0.6

0.4
0.2 . 1
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-0.2
-0.4 .

-0.6·

-0.8

-1
-1

J
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The figures 2-2 and 2-3 illustrate the weight function for a conventional flowmeter. Figure 2-2
shows the weight function for the flowmeter equipped with two electrodes. The electrodes are
located on the y-axis (: q>; = ~ and q>; = 3~). The magnetic field has only one component in
the x-direction and is given by [Bx,O]. The second plot of figure 2-2 shows the contours of W.
Figure 2-3 shows the value of the weight function in a different way. For several values ofr, the
weight factor is plotted as a function of <po Thus, the weight function is calculated over
trajectories as illustrated in the left figure. In the middle plot of figure 2-3, weighing over a
trajectory is plotted for the same flowmeter as for figure 2-2, but only the electrode at
q>; = ~ radials is used. The plot on the right shows the situation when both electrodes are used.

___~ (j); =n/2

Figure 2-2: Weight function of a conventional flowmeter with two electrodes.
Electrodes at: ')Iz and 3')1z radials; Magnetic field: 8 = [8x,0].

4 Bevir (1970)
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Figure 2-3: Function W(r,cp), displayed for constant radius as a function of cp (:
trajectories as illustrated in left figure). These plots show how the over
response near the electrodes is balanced by under-response elsewhere at the
same radius. The middle figure shows the situation when one electrode at

cp; = :1i radials is used to measure the induced potential. For the figure on the

right, electrodes at ~ and 3~ radials are used.

As can be seen in the figures 2-2 and 2-3, the weight function isn't homogeneous. Near the
electrodes, the weight function increases unlimited (theoretically). This means that fluid flowing
near the electrodes will contribute more to the induced voltage than flow passing elsewhere
through the pipe. The sensitivity of an electrode for the velocity of the fluid decreases when the
distance from the electrode is increased. This explains the shape of the weight function.
In the plots of figure 2-3, we can distinguish two parts in each function. One part for which the
weight factor is more than 1, and one part for which this factor is less. By means of integration, it
can be easily shown that the over-response near the electrodes is exactly compensated by the
under-response elsewhere at the same radius. 1t is for this that the electromagnetic flowmeters are
able to measure axisymmetrical flow correctly and this makes the flowmeters very useful for
applications where the velocity profile isn't too much disturbed.
In case of asymmetrical flow, the non-uniformity of the weight function enables local
disturbances in the velocity profile to contribute to the induced voltage in a disproportionate way.
For example, consider the case of local reverse flow near one of the electrodes. Due to the non
uniformity, the impact of this reverse flow will be lar~e and the flowmeter will measure a lower
value than the real mean velocity. This over-response to flow occurring near the electrodes can
cause measurement errors of up to 100%. Although the errors will be more moderate in practice,
the non-uniformity can be liable for unacceptable errors.

The weight function depends on the configuration of the electrodes, the configuration of the
magnetic field and eventually the shape of the tube. This function tells us a lot about the
performance of the flowmeter in case of disturbed velocity profiles. Before we will look at the
performance of several different configurations, we will first define some characteristic
parameters for this performance.
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2.5 Performance

One important criterion for the performance is the uniformity of the weight function of the
electromagnetic flowmeter. Two other parameters, which play an important role for almost every
(flow-) meter, are the sensitivity of the flowmeter and the efficiency (: signal-to-noise ratio).

2.5.1 Uniformity of the weight function

Most research done so far has focused on the improvement of the uniformity of the weight

function. The importance of this uniformity has been demonstrated in the previous paragraph. A
measure for the uniform ity is the parameter E(ro). This parameter is defined to be the root mean
square deviation of W(r,q» from the mean value of W within a circle of radius ro, normalised to
the mean value of W:

where

2 Jr ro

W(rO) =(l/JZro) JJW(r,qJ)rdrdqJ
o 0

(2.14)

(2.15)

(2.16)

In this report the value ro = 0.9R is selected (R: the radius of the pipe). This is the same value
O'Sullivan used in his paper about the performance of a flowmeter with six point electrodes
(O'sullivan (1983)).

For an ideal flowmeter, the weight function is uniform and E(ro) is zero. The value of this
parameter is 0.442 for the conventional flowmeter, described in the paragraphs 2.4.1 and 2.4.2.
The better the uniformity of the weight function the lower the value of epsilon will be.

2.5.2 Sensitivity

The sensitivity of the flowmeter indicates the power of the measured signals at the electrodes due
to velocity of the fluid. It is defined as the quotient of the potential difference U and the mean

velocity. For rectilinear flow (i.e. Vr = vq> = 0, Vz = v(r,q»), the sensitivity is given by:

S ~ u/OIv(r, 1"1 r drdl"J

The way the electrodes are configured means very much for the sensitivity. Sometimes it is
necessary to separate the electrodes from the fluid and insulated electrodes must be used. For
example when large electrodes (instead of point electrodes) are used or in case of fluids with very
aggressive chemical properties. In these situations, the induced voltage is measured by capacitive
induction through the isolation layer.

Other important factors for the sensitivity are the signal processing, the strength of the magnetic
field and the material of the tube. The relation between the sensitivity and the magnetic field
strength is trivial. The dependency of the material of the tube and the signal processing on the
sensitivity are not considered in this survey.
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2.5.3 Efficiency

The efficiency is defined as (SIN)2 /P. Here, SIN is the root-mean-square signal-to-noise ratio.
This ratio is measured under normalised circumstances prescribing a plane velocity field of unit
magnitude. The power factor P is the power dissipated by the magnetic field.
The efficiency of an electromagnetic flowmeter depends on many factors. Some of them will be
discllssed in paragraph 2.7.5.

2.6 Different configurations

So far, we have only looked at a conventional flowmeter provided with two point electrodes and
only one magnetic field. A great diversity of configuration has been developed and produced in
the last 30 years. In this paragraph the consequences of different configurations on the
performance criterion's mentioned before are discussed. The electromagnetic flowmeters handled
in this paragraph are, based on their configuration, divided into three groups. First we will
consider possible variations in the configuration of the magnetic field. After that, flowmeters with
different electrodes will pass the review. Finally, some comment will be given upon the influence
of the shape of the tube.

2.6.1 The magnetic field

The conventional flowmeter uses a single homogeneous magnetic field. The configuration of this
field can be altered in several ways. In practice, the following options are possible:
• homogeneous / inhomogeneous
• time dependent / time independent
• single field / multiple fields

The magnetic field of a flowmeter will never be perfectly homogeneous. This non-homogeneity
can be caused by practical non-idealities, like field fringing (: see paragraph 2.7.2). Sometimes,
however, the magnetic field is made inhomogeneous on purpose. For these flowmeters, the
magnetic fields are specially shaped to perform better with asymmetrical fluid flow. These
adjustments usually worsen the performance of the flowmeter in case of axisymmetricaI flow.
Another disadvantage of inhomogeneous magnetic field met~rs is their lower efficiency.
Another application for which inhomogeneous flowmeters are used is the measurement of
rheological parameters of the fluid or the reconstruction of the velocity profile. In chapter 5, these

applications will be considered and therefore we will not discuss them here.

Another degree of freedom is the form of excitation of the magnetic field. This was already
mentioned in paragraph 2.2. There we discussed the necessity of a time-varying magnetic field in
case of weakly or non-conductive fluids. The varying field was required to prevent the
accumulation of electrostatic charges in the volume of the meter and on its surfaces. Common
forms of excitation are sinusoidal, square wave, pulse and trapezoidal. Each form has its own
advantage towards the others, resulting in a better performance in specific situations.
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Flowmeters with time-varying fields are rarely used for measurements with better conducting
fluids or liquid metals. The problem of accumulation of electrostatic charges doesn't occur so

variation of the magnetic field is necessary. The most important reason to prefer d.c. flowmeters
over a.c. meters with these fluids, is that a.c. flowmeters tend to be more complicated and
expensive than d.c. meters. Thereby, with liquid metals, measurements using an time-varying

magnetic field can cause the skin-effect to occur. This effect is the same as the skin-effect that
occurs in high voltage lines, when most of the current tends to flow through the outer layers.

The conventional flowmeter was subjected to only one magnetic field. The combination of the

magnetic field with the electrodes resulted in a weight function. The areas of over-response and

under-response characterised the performance of the flowmeter with asymmetrical velocity
profiles. One way to improve the performance of this flowmeter is by adding another magnetic

field, perpendicular to the first one, together with another pair of electrodes. The configuration of
this flowmeter is illustrated in figure 2-4a.

The magnetic fields will be activated in turn. When the first magnetic field [Bx,O] is activated, a

potential is induced between the electrodes rp; = 'Y2 and rp~ = 3'Y2 . The electrodes rp; and rp;
are al igned parallel to the activated magnetic field and therefore the vo ltage drop between these
electrodes is zero. Next, the first magnetic field is turned off, and the second magnetic field

[O,By] is activated. Now, a potential is induced only between the electrodes rp; = 0 and rp; = Jr.

We will assume that the velocity profile hasn't changed much during this process. Then we can

combine the measurement results, which have been derived with two different weight functions.

The average of the measurement result can be compared to the result of an electromagnetic
flowmeter with a weight function shown in figure 2-4b.

Figure 2-4a: Flowmeter

electrodes (rp;) and two

magnetic fields (Bx and By.)

with four

independent
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Figure 2-4b: (Combined) weight function of the flowmeter of figure 2-4a.

It is possible to derive a similar result using only one of the magnetic fields. Therefore, the four
electrodes only have to be rotated over an angle of n/4. This will be explained in the next
paragraph. The disadvantage of using more magnetic fields, is that the flowmeter will become
more complicated. The advantage of the configuration using two magnetic fields over the
configuration with only one, is that it's sensitivity will be a factor cos(n/4) better.

2.6.2 The electrodes

Also for the configuration of the electrodes there are several possibilities. In practice, we can
make a distinction between the following types:
• invasive / wet / dry
• point electrodes / large electrodes

• one pair of electrodes / multiple electrodes

The terms invasive, wet and dry, indicate the position of the electrodes with relation to the fluid.
Invasive electrodes are placed in the current of the flow. This type of electrodes is of less interest
for Unilever for its negative influence on the hygiene of the filling process.
Wet and dry electrodes are placed in the wall of the flowmeter. Wet electrodes are in direct
contact with the fluid. Dry electrodes are separated from the fluid by a thin insulation layer.
Dry electrodes are used in two situations. In som( applications, the liquid flowing through the
pipe has aggressive chemical properties. The fluid might damage the electrodes or react with the
material of the electrodes and disturb the measured signals. Another situation in which isolation
of the electrodes is required, is when the impedance of the electrode/fluid interface is non
uniform. This non-uniformity can be due to variations in the electrochemical state of the interface
between the electrodes and the liquid. It also arises when solid deposits are formed on the
electrodes during use.
With dry electrodes, the potential induced at the wall of the tube is detected by capacitive
induction through the insulation layer. Due to the higher impedance, the sensitivity of the
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flowmeter will be low. Furthermore, the noise level of the measured signal will be much higher,

decreasing the efficiency ofthe meter.

Figure 2-5: An electromagnetic
flowmeter with two plate electrodes

Beside point electrodes, electromagnetic
flowmeters can be designed with plate or
large electrodes. The essential features of
these flowmeters are illustrated in figure 2-5.
Flowmeters with large electrodes usually
have a rather uniform weight function. The
electrodes exhibit features of integration of
the potential distribution leading to a
somewhat smoother weight function
compared to point electrodes. Figure 2-6
shows the contour plot of two different
flowmeters with large electrodes.

u

v

B = magnetic field
U = induced potential
V = velocity

plate electrodes

B

0.8

Figure 2-6a: Contour plot of the
weight function of a flowmeter with
plate-electrodes, discussed by
O'Sullivan (O'Sullivan (1983))

Figure 2-6b: Contour plot of the weight
function of a flowmeter with plate
electrodes contructed by Cox and
Wyatt (Cox and Wyatt (1984))

O'Sullivan (1983) investigated a very small flowmeter suitible for blood flow measurement
(weight function: figure 2-6a). One year later, Cox and Wyatt (1984) applied research on a larger
flowmeter with plate electrodes (weight function: figure 4-6b). Although their research was
applied on flowmeters with large insulated electrodes subtending 120°, the weight functions
differed. The differences are caused by the slightly different magnetic fields and probably also by
the different size of the flowmeters.
Both weight functions belong to flowmeters with large insulated electrodes subtending 120°. The
difference between these weight functions is possibly the consequence of the different sizes of
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the flowmeters used by their research. O'Sullivan investigated a very small flowmeter, suitable
for blood flow measurements. Cox and Wyatt applied their research on a larger flowmeter.
The plots of figure 2-6 show us that the areas with over-response are found near the electrode
edges. By comparing the plots of figure 2-6 to the contour plot of the conventional flowmeter
(figure 2-2), the moderating property of plate-electrodes can be seen. One has to remind that the
isolation of the electrodes introduces a distance between the electrodes and the fluid. This
distance prevents the weight function to become (theoretically) infinite near the electrodes and
therefore also contributes to the moderation of the weight function.
One major disadvantage of large electrodes is that the impedance of the electrode/fluid interface
can be non-uniform. This non-uniformity is partly due to local variations in the electrochemical
state of the surface. These variations make it impossible to predict the impedance of the interface
and therefore prevent proper calibration of the flowmeter. Together with uncertainties towards
the value of the impedance due to local solid deposits, non-insulated large electrodes will suffer
from severe baseline instability making them useless in practice. The few flowmeters with large
electrodes, manufactured for industrial use, are provided with dry electrodes.
For point electrodes, the problem of non-uniform impedance doesn't occur. Accidental
deposition of solids over the point electrodes introduce an offset in the measured signal and can
be detected or filtered out. Fouling of the electrodes means a gradual increase of the
(homogeneous) impedance of the interface and results in a gradual loss of sensitivity.

Analogue to the magnetic field, the number of electrodes can be increased. Increasing the number
of electrodes has two advantages over increasing the number of magnetic fields. It is easier to
increase the number of electrodes, than it is with the number of magnetic fields. Another
advantage is the simplification of the measurement process. In case of multiple magnetic fields,
the measurement result is the average of a number of sequential measurements in time. The
magnetic fields are activated one after the other and every time the signal at (some of) the
electrodes is collected and stored. When multiple electrodes are used (and only one magnetic
field is applied) the signals at the electrodes can be collected at once.
Of course the position of the pairs of electrodes will determine the performance of the flowmeter.
The best position of the electrodes will lead to the most uniform weight function. The optimum
position can be found by optimising function (2.14) for the configuration of the magnetic field
and the number of electrodes. This can be illustrated by the following example:

We will consider three flowmeters, all using six electrodes and one magnetic field given
by B = [Bx, 0]. For these flowmeters, the value of epsilon is calculated below:

Flowmeter "Positi
0.2718

0.2718

0.1623

Table 2-1: Epsilon for three different configurations with six electrodes

5 Values derived using EM_METER. ro = 0.9
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For the flowmeters A and B the electrodes are equidistantly distributed over the pipe wall.
Flowmeter A has one pair of electrodes aligned to the magnetic field. No voltage is induced
between these electrodes and therefore only four electrodes can be used in the measurements.
For flowmeter B, the electrodes are rotated over 30°. As follows can be seen from table 2-1,
the rotation of the electrodes results in a weight function with the same uniformity. Although
only four electrodes are used in configuration A, the distribution of the four electrodes results
in a the same measure of uniformity as for configuration B.
The influence of the position of the electrodes on the uniformity is also illustrated by
configuration C. The electrodes of flowmeter C are placed in such a way that £(ro) is
minimised6. Adjusting the configuration of the electrodes according to configuration C
improves the uniformity of the weight function towards the other configurations.

2.6.3 Flow shaping tube

Most flowmeters have a circular tube. A tube with a square cross-section has been looked at by
many researcher, but their work was kept mainly theoretical. Just a few flowmeters with a square
cross-section are used in practical applications.

In some designs, the distorted flow profile is straightened out by a conical inlet, combined with a
specially adapted magnetic field strength distribution. This is also a way to improve the
performance of the flowmeter when the velocity profile is asymmetric.

In this survey we focus on pipes with a cylindrical cross-section. Therefore, we will not go in
more detail at this point.

2.7 Practical problems which might disturb the accuracy

This survey is focused on the performance of electromagnetic flowmeters using point electrodes.
Not all aspects of these flowmeters can be taken into account, although they might influence the
performance of the meters in practice. Some aspects, which are deliberately ignored in this
survey but which play an important role in the construction of the flowmeters will be briefly
discussed in this paragraph.

Problems concerning the fluid
We have already mentioned the influence of the electrical conductivity of the fluid. Other flow
properties won't influence the performance of the meter directly. They will only influence the
performance when they affect the electrical conductivity. This makes the electromagnetic
flowmeter quit insensitive to fluid properties.

For example, electromagnetic flowmeters can be used for the measurement of multiphase flows

in circumstances where the second phase is non-conducting. The basic relations will hold as long

6 The optimalisation procedure is explained in chapter 4
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as the non-conducting phase IS uniformly dispersed and the conducting phase remams
continuous.

Figure 2-7: Flux distribution of the
magnetic field with fringe edges

z

B

Problems concerning the magnetic field
Most Thus far, it has been assumed that the magnetic field conditions were constant over an
infinite distance along the pipe. In practical flowmeters, the length of the magnetic field will be
limited, and the edges of the field will be sufficiently close to the electrodes to influence their
performance. This phenomena is called end-shorting.
The influence of the edges of the magnetic
field on the performance of the flowmeter
expresses itself in a loss of sensitivity. We
distinguish two different situations. First we
can assume for simplicity that abrupt edges
of the field occur. Between its edges the field
is assumed to be uniform and purely
transverse. In practice, however, the edges of
the field won't be abrupt, but the field wil1
falloff gradually. The regions were the field
falls off are called fringe regions. Figure 2-7
shows a presentation of a field with fringe
edges.

Zero-drife
It is a known property of the electromagnetic flowmeter that, in the case of zero flow and zero
flow-induced voltage, signals do occur at the electrodes. These signals are varying with time, and
cause what is known as zero drift. This feature has, perhaps more than others, destroyed the early
high claims made for the electromagnetic flowmeter. The causes of zero drift are still not fully
understood, but some physical effects can be identified.
The first of these is the existence of electrolytic polarisation in the fluid. Because of this, changes
in the electrolytic character of the fluid are likely to change the phase angle of the quadrature
signals. Instead of being accurately eliminated, a small proportion could then look like the flow
signal. This has been one effect to which manufacturers have attributed zero drift.
Another effect may be due to the eddy currents induced in the non-magnetic tube by the magnetic
field. Any change in the pattern of these eddy currents, due for instance to a temperature change,
will alter the magnetic field induced by them. This in turn will alter the phase angle of the
quadrature signals again.

7 Baker (I982)
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Distortion of the measured signal
Finally we wi II discuss a number of aspects which distort the measured signal of the flowmeter.

a. Interference at magnet frequency
Electromagnetic flowmeters generate unwanted signals which are proportional to the time rate of
change of magnetic flux and which are unrelated to the flow. In flowmeters where this
interference plays an significant role, this distortion is suppressed by means of coherent sampling
(phase-sensitive detection).

b. Random noise
The four main sources of random noise are thermal agitation, random movement of liquid, the
electrodes and the amplifier current noise.
Thermal agitation, or Boltzmann noise, is caused by thermal agitation of ions and charges in the
liquid and is related to the size and geometry of the electrodes and the electrical conductivity of
the liquid.
Random movement of the liquid, like turbulence of the flow, generates noise by the same
induction process that results in the wanted signal caused by bulk flow. Turbulence can also
produce noise through disturbance of the polarisation region of a metal electrode-electrolyte
interface. This disturbance can be avoided by using insulated electrodes.
As explained earlier, the electrode/fluid interface will lead to noise due to the non-uniform
impedance of the surface of the electrode. If the electrodes are in contact with an electrolyte, a
time varying electrochemical potential depending on a number of different factors (temperature,
materials, movement of the electrolyte) is generated. Insulation of the electrodes can greatly
reduce this noise. The thermal noise generated across the insulation layer will usually be reduced
by the shunting effect of the electrode capacitance's.
The amplifier noise will not be discussed here.

2.8 Conclusions

Based on chapter 2, the following conclusions can be made:

• The motion of the fluids (concerned in this report) flowing through the flowmeter, is not

affected by the magnetic field. The reverie, i.e. charged particles affecting the magnetic field
by their motion, can be neglected also. These conclusions apply for many products of
Unilever.

• The relation between the induced potential at the electrodes and the velocity distribution over
the cross-section of the pipe, can be described by a weight function.

• Due to the characteristic shape of the weight function, most electromagnetic flowmeters wi 11
be able to measure the exact mean flow rate in case of axisymmetrica1flow profiles.
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• The weight function is non-uniform. Due to this non-uniformity, local disturbances in the

velocity profile can be liable for considerable errors.

• There are different types of electromagnetic flowmeters. One broad class has been selected
for further investigation. This group of flowmeters uses constant, homogeneous magnetic

fields and multiple electrodes. This group has the following advantages over alternative
electromagnetic flowmeter:

>- The electrodes are in direct contact with the fluid. No insulation layer is required as is
the case for large (plate) electrodes. Towards insulated (dry) electrodes, a better

sensitivity and signal-to-noise ratio is expected.
,. Flowmeters with point electrodes is easier then the construction then flowmeters using

(insulated) large electrodes. Therefore, this class of flowmeters tend to be less
expensive.

Y Homogeneous magnetic fields have been chosen over inhomogeneous fields for their
better performance in case of axisymmetricaI flow and their, usually, better signal-to
noise ratio.

Y Constant magnetic field excitation has been selected. Flowmeters with a time-varying
field tend to be more complicated and expensive than d.c. meters and can cause the
skin-effect to occur.

• Only when practical experiments indicate the necessity of some extra improvement of the
performance of a flowmeter, a flow shaping tube can be considered.

• For this class of electromagnetic flowmeters, several configuration options determine the
final performance of the flowmeter. To gain more insight in the influence of these

configuration options, more research is required.

2-19



Modelling of electromagnetic flowmeters with point electrodes

3. Modelling of electromagnetic
flowmeters with point electrodes

The previous chapter introduced the principles of electromagnetic flow measurement. This

chapter shows the diversity of possible configurations and discusses their properties. One

important feature looked at was the performance of the flowmeters. To measure this

performance, three parameters were introduced and discussed for different configurations. Based

on these three parameters, chapter two concluded that the electromagnetic flowmeter with

multiple point electrodes offers the best possibilities for Unilever.

The objective of this chapter is to increase the insight in the behaviour of electromagnetic

flowmeters with point electrodes. To achieve this, the equations presented in the previous

chapter are worked out for this type of flowmeters. In paragraph 3.2, this will result in two

different models of the flowmeter. The difference between these two models will be the way the

mean velocity of the fluid flow is derived from the induced signals at the electrodes. How these

models have been implemented and validated, is described in paragraph 3.3. Paragraph 3.4
summarises this chapter.

3.1 Modelling procedure

The goal of the model of the electromagnetic flowmeters with point electrodes can be divided
into two parts:

1. To increase the insight in the behaviour of electromagnetic flowmeters with point electrodes;

2. To determine the relative performance of several different configurations of these

flowmeters.

For the first goal, we want to investigate the relation between the velocity profile and the

behaviour of the flowmeter for different configurations. Therefore, the model must be able to

provide us with information concerning the shape of the weight function and the value of

epsilon. Another interesting feature is the approximation of the flowmeter of the mean value of
the velocity profile.

For our model, we can detect the following parameters:

inputs parameters: - velocity profile v(r,cp)

state parameters: - configuration of the magnetic field

- positions of the electrodes

output parameters: - information concerning the weight function W(r,cp)

- the value of epsilon: t(ra) A

- the approximation of the flowmeter of the mean value of the velocity: v

The second goal requires s<?me extra explanation.
As indicated in chapter 2, three parameters to measure the performance of the flowmeter are the

uniformity of the weight function, the sensitivity of the flowmeter and the efficiency. The

sensitivity and efficiency are important factors to look at when the configuration of the magnetic
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field and the kind of electrodes are selected. For example, when metel" with large electrodes are
compared to meters with small electrodes, these two parameters will differ a lot. Once this
selection is done, the number of electrodes and magnetic fields must be chosen and their
positions must be defined. The uniformity of the weight function must be considered here. A
compromise must be made between the accuracy of the flowmeter (usually increasing with the
number of electrodes/fields and its complexity (also increasing with the number of
electrodes/fields).
When the flowmeter is used for mean velocity measurements, this signal wi II be an
approximation of the real mean fluid flow. Neglecting errors due to a wrong calibration of the
flowmeter or other side-effects, this signal will be an accurate representation in case of
axisymmetrical flow. However, when the velocity profile is disturbed and therefore no longer
symmetric, the perceived signal depends on the orientation of this profile. This dependence is
illustrated in figure 3-1.

velocity profile -- approximations flovvrreter

exact maan velocity

1.1

--en-E---
>.-·u
o
Q.)
>

1

y-axis -1 -1 x-axis

1

1

0.95 .

0.9

0.85
o 2 4

ROT_PHI (rad)
6

Figure 3-1 a: A 3 D plot of a fictitious

velocity profile. This profile is chosen for

its special asymmetry. The angle <Prot is
used in figure 3-1 b.

Figure 3-1 b: Possible approximation of the mean

velocity by a flowmeter, when the profile of

figure 3-1 a is rotated over 2n.

The left plot shows a fictitious velocity profile. This profile is chosen for its special asymmetry.
The second plot shows the approximation of the mean velocity by a flowmeter, when the
velocity profile of figure 3-1a is rotated over 21t. The angle (jlrot is also displayed in the left
figure. The dotted line shows the exact value of the mean velocity. The difference between both
simulation results and the dotted line indicates how the errors due to the asymmetry of the
velocity profile are cancelled out.

The dependence on the orientation of the asymmetrical flow makes mutual comparison of
practical experiments difficu It. Plots Iike figure 3-1 b will be necessary to filter out the extreme
cases. It is not difficult to change the orientation of the profiles in theory. However, it is almost
impossible to control the profiles in this way in practical approaches. The lack of control of the
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velocity p.ofiles used in the experiments makes mutual comparison of different flowmeters
difficult Another advantage of a theoretical approach, over a practical approach, is the fact that
many different configurations can be investigated. For practical experiments, investigating a
large number of different configurations requires a (large) number of different flowmeters.
Besides the fact that all these flowmeters have to be bought/lent, differences between the
configurations due to wrong calibration, differences in electrode/liquid interface, in materials or
magnetic fields will all influence the measure of which the experiments can be compared.
Thus, the repeatability of the simulation conditions is the major advantage of using a theoretical
model to investigate the performance of electromagnetic flowmeters.

To derive the model, some simplifications have been made. Therefore, the exact performance of
a flowmeter in practice can't be determined with this model. The theoretical approach can only
give us information about relative improvements in performance between different
configurations. A model, to simulate the exact performance of an electromagnetic flowmeter in
practical situations, would be too complex for the scope of this report. This would require the
modelling of the physical behaviour of the electrodes, the identification and modelling of all
noise sources in the flowmeter, etc. Information about the practical performance of an
electromagnetic flowmeter can only be derived by means of experiments. Once this information
is derived, the theoretical results of the relative improvements can be used to predict the
performance of other flowmeters in the same process.

The measurement ofthe relative performance of the flowmeters requires the repeated calculation
of how the mean flow rate is estimated by the flowmeter. For every simulation, the velocity
profile will be rotated over the angle CProt. This angle will be another parameter of our model, and
wi II be used to ach ieve the second goal of the model.

Summarised, the scope of the model can be described as is illustrated in figure 3-2.

Model of the Flowmeter

- W(r,lp)
v(r, lp ,lprot) config. magnetic field E(r)• -- 0

config. electrodes - A

V(lp,ot)

Figure 3-2: Scope of the model

Before we can derive our model, the boundary conditions must be defined. The model will be
based on the theory described in chapter two. Therefore the conditions stated in paragraph 2.3
also concern this chapter. In this chapter we focus on electromagnetic flowmeters with point
electrodes. This paragraph extends the conditions of paragraph 2.3 with conditions necessary or
valid for this group of electromagnetic flowmeters.

Dealing with point electrodes we assume:
i. The impedance of the interface between the electrodes and the fluid is homogeneous.
ii. The electrodes are in direct contact with the liquid (wet electrodes), fouling IS not

considered.
III. The electrodes are placed in the wall of the tube in such a way that they don't affect the fluid

flow.
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IV. Th-.: wall of the tube is assumed to be non-conducting.

v. The magnetic field of the flowmeter is constant and homogeneous all over the cross-section

of the pipe.

VI. When flowmeters with multiple magnetic fields are considered, the fields are activated in

time and eventual delays will be neglected. When the weight function of flowmeters with

multiple fields is mentioned, we aim at the combined weight function of this meter. This

means that the weight functions, linked to the different magnetic fields, are superposed and

then normalised, resulting in the combined weight function.

vii. We will neglect side-effects. Neglecting side-effects will not harm the practical validity of

this research. The objective of this chapter is merely to give an answer to the question how

much improvement is to be expected by changing the configuration of flowmeters with point

electrodes. Most side-effects will harm the performance of the flowmeters considered in this

chapter in an equal way.

3.2 Models of flowmeters with point electrodes

In this paragraph the equation (2.12), as presented in chapter 2, is worked out for the type of

flowmeters with point electrodes. This paragraph will start with a brief introduction to the

measurement of the mean velocity with electromagnetic flowmeters (: paragraph (3.2.1 )). Next,

we will take a closer look at the induced potential at the wall of the pipe. This will be done the

paragraphs 3.2.2 and 3.2.3 for respectively the case of axisymmetricaI fluid flow and

asymmetrical flow. When the relation between the velocity profile and the potential distribution

is understood, we can look how the information, gathered by the electrodes, can be used to

approximate the value of the mean fluid flow. This will be done in paragraph 3.2.4. This

paragraph will result in two different methods to approximate this mean velocity.

3.2.1 Mean velocity measurement

In chapter two, the relation between the induced voltage U(<p') at the pipe wall and the velocity

profile was presented. This relation was given by (: equation (2.12))

U(<p') =~Hv.(r,<p)(B
x

sin<p' -rsin<p +B
v

rcos<p-cos<p' 2J rdrd<p
7t n . 1-2rcos(<p-<p')+r 2

. 1-2rcos(<p-<p')+r

(3.1 )

The ability of the local velocity of the fluid flow to contribute to the induced voltage U(<p')
depends on the value of the function between the brackets. This function shown here was

introduced by Sherc1iff (1954) and is called the weight function. It is one way to approximate the

behaviour of electromagnetic flowmeters. It has been a guiding line in many research done so far

and forms the basis for the model in this survey.

Chapter 2 also showed the relation between the weight function and the performance of the

flowmeter. It introduced the parameter E(ro) to indicate the uniformity of the weight function. It

also mentioned that this parameter could be used to find the optimum positions of the point

electrodes of a flowmeter, leading to maximum uniformity of the weight function.

By comparing the value ofE(ro) of different flowmeters, one can see whether a flowmeter will be

able to perform better then others, or not. However, how much this performance is improved due
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to a higher uniformity of the weight function, is still uncertain. To gLt an idea of the expected
improvement we must look at the signals at the electrodes, produced by the flowmeter due to the
velocity profile ofthe fluid flow.

3.2.2 Induced signals in case of axisymmetricaI flow

In paragraph 2.4.2 some properties of the weight function were discussed. It was mentioned that
electromagnetic flowmeters were able to measure the mean velocity exactly in case of
axisymmetrical flow. This can be seen by looking at the signals induced at the electrodes.
The value of the weight function depends on the position of the electrodes, <p' , the distance, r,
from the centre of the pipe and the angle, <p, measured from the positive x-axis. For one point
electrode, this weight function is illustrated in figure 3-3a. This figure shows the over-response
of the weighing near the electrode, and how this factor decreases with the distance from the
electrode. An important feature of this weight function is detected when this function is
investigated for trajectories shown in figure 3-3 b. In case of one electrode, these trajectories can
be divided into two parts. One part for which the normalised weight factor is less then I (under
response), and a second part for which this value is more then 1 (over-response).
A few trajectories are plotted in the figures 3-3c and 3-3d. Figure 3-3c shows the weighing due
to one electrode for four trajectories with different radius r. Figure 3-3d shows the weighing for a
trajectory at radius r = 0.7 for four different positions <p' of the electrodes.

point electrode

• : electrode

.. ~

X

: trajectory

Figure 3-3a: Weight function of a

flowmeter with one point electrode

(electrode at <p' = n/2 radials, B = [Bx.O)1

Figure 3-3b: An illustration of a trajectory

over which the weight function is

investigated.
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B = [Bx,O]; one electrode at pi/2;
5

r = 0.8

'-o
t5
ro--.!:
Ol
'w
~

4

, r = 0.65

o 2 4
phi (rad)

Figure 3-3c: Weight factor over the

trajectories like illustrated in figure 3-3b.

<p' = re/2 radials, B = [Bx'O].
The weighing is compared for trajectories

with different radius r.

Figure 3-3d: Weight factor over a trajectory

with radius r = 0.7.

B = [B"O]. The weighing is plotted for four
different positions of one single electrode:

<p' = re/2, re/3, re/4 and re/S radials.

(3.2)

(3.3)

In case of axisymmetricaI flow, the value of the velocity profile is constant over these
trajectories. The velocity is only a function of the radius r of these trajectories. The figures 3-3c
and d show that the weight function isn't constant over these trajectories. However, these figures
show that the over-response near the electrode is compensated by under-response elsewhere over
the trajectory. For an electrode, the mean weight factor over these trajectories is the same for r =

[0,1). This mean value depends on the position of the electrodes in relation to the applied
magnetic field.

When the applied magnetic field is given by B=[Bx,O], W,rajecWrie, oc sin(<p').

When the applied magnetic field is given by B=[O,By], W,rajeclories oc cos(<p').

These relations are proved in appendix C.

The relation between the induced potential at the electrodes and the velocity profile is therefore
given by

I 27t I 27t I 27t

U(<p') = f f v(r,<p)·W(r,<p)rd<pdr= f f v(r)·W(r,<p)rd<pdr= f v(r)r fW(r,<p)d<pdr
00 00 0 0

(3.4)

27t

Herein the integral f W(r,<p) d<p represents the mean value of Wover a trajectory. When W is
o

normal ised, equation (3.4) becomes

I 27<

U(<p') = f v(r)r f W(r,<p )d<p dr
o 0

= {7t B x sin(<p')v

7t By cos (<p ') v
, if B = [B"O]

, if B = [O,B y ]
(3.5)

Thus, using equation (3.5), the mean velocity of the axisymmetrical flow can be determined from
the signals U(<p').
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It is important to realise what the relations (3.2) and (3.3) mean for the sensitIvity of the

flowmeter. Appearently, the mean value of the weighing over the trajectories depends on the
position ofthe electrodes at the pipe wall. This means that the strength of the signal, measured at
the electrodes also depends on their position.
For example, consider a flowmeter with one magnetic field, applied in the x-direction (: relation
(3.2». The amplitude of the induced signal at position <p' will be a factor cos(<p') less than the

amplitude of the signal measured at <p'=90°. Thus, when the sensitivity of the flowmeter is a
problem for a specific fluid, one should remind that configurations of flowmeters with electrodes

near the line of the magnetic field should be avoided.

3.2.3 Induced signals in case of asymmetrical flow

In case of asymmetrical flow, the velocity profile isn't constant over the trajectories. Now the
profile is a function of<p, just like the weight function. Exact reconstruction of the mean velocity
will not be possible for most profiles. Only an approximation of the mean velocity can be

derived from the measured signals. For asymmetrical flow, equation (3.4) is no longer valid.
Instead of this equation, we now distinguish three different situations:

a) The average velocity over the parts of the trajectories with over-response is larger then the
average value over the parts with under-response. The induced signal at an electrode is given

by

Hv ·Wrds +
U1'er-respoll.\'1.!

Hv·Wrds >
wuJer-re,\pmlse

Hvrds ~ v>v
L'ross-sec/iOl'

(3.6)

b) The average velocity over the parts of the trajectories with over-response equals the average
value over the parts with under-response. The induced signal at an electrode is given by

Hv.Wrds +
01'er-re.\pOlIse

Hv.Wrds =
IIluJer-re,\pml.w

Hvrds ~ v=v
cross-sectioll

(3.7)

c) The average velocity over the parts of the trajectories with over-response is smaller then the

average value over the parts with under-response. The induced signal at an electrode is given
by

fJv.Wrds + Hv ·Wrds <
,,"der-re.\p(J11se

Hvrds ~ V<V
cross-section

(3.8)

For example, consider a local disturbance in the velocity profile with an average value which is
larger then the mean velocity over the cross-section. This disturbance will cause a positive error
at those electrodes for which the disturbance lies in the area of over-response. A negative error

occurs at those electrodes for which the disturbance lies in the area of under-response. When the

signals measured at the electrodes are combined, the errors might cancel out, resulting in a better
approximation ofthe mean velocity.

3.2.4 Extraction of the mean velocity

For axisymmetrical flow, the relation between the induced voltage at an electrode and the mean
velocity is given by equation (3.5). In case of asymmetrical profiles, this relation only
approximates the behaviour of the flowmeter. Knowing the induced voltage at an electrode, an
approximation of the mean velocity can ~e found with this relation. The mean value of the
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app. Jximations of all electrodes will give an indication of the mean velocity of the flow. The
relation between this approximation and the induced potentials at N electrodes is given in the
next formula:

A 1 N 1
v= = -I -U(<p;)/sin<p;

Nrr. i H,
~ 1 ~ 1 U( ')/ 'v= = -- L. - <p j cos<p I

Nrr j By

case 2: B = [O,By ]

(3.9)

This is one method to derive an approximation of the mean velocity from the induced signals. In
the rest of this report, this method will be indicated by the name SHERCLIFF.
Another method to derive an approximation of the mean velocity is just to multiply the measured
signals with this cosines or sinus term. This idea follows from a theoretical result derived by
Engl (1970), given by:

1 2n 1
v= = - J-U(<p')sin<p' d<p'

rr 0 B x

case I: B = [Bx,O]

1 2n 1
Vz =- J-U(<p')cos<p'd<p'

rr 0 By

case 2: B = [O,By]

(3.10)

With these equations, he showed how the exact mean value of the (asymmetrical) flow can be
derived from the total potential distribution. This means that the errors due to local disturbances
are cancelled out when the signals at the electrodes are combined according to equation (3.10).
In practice, it is not possible to measure the total distribution. This would require an infinitive
number of point electrodes. However, by using multiple electrodes, sampled information of the
total distribution can be gathered. The discrete approximation of equation (3.9) can be used to
approximate the mean velocity:

case 1: B = [Bx'O]

v

case 2: B = [O,By]

(3.1 I)

The more electrodes used in equation (3.11), the better this equation resem bles equation (3.10).
For example, the conventional flowmeter uses only 2 electrodes. In practice, this meter proves to
be able to measure slightly disturbed fluid flow quite accurate. However, in case of heavily
disturbed profiles, this meter will not be able to estimate the flow rate accurate (enough). In these
situations, a better cancelling of the errors due to local disturbances is necessary. When more
electrodes are used, more cancellation of errors due to local disturbances in the velocity profile
occurs. The relation between the configuration of flowmeters with multiple point electrodes and
the asymmetry of the velocity profile has been mathematically approximated in literature.
Detailed information about this description can be found in (Schommartz (1974)) and (Horner

(1996)). In the rest of this report the method, to derive an approximation of the mean velocity by
means of equation (3.11), will be named ENGL.

3-8



Modelling of electromagnetic flowmeters with point electrodes

Note that electrodes aligned to the magnetic field are not counted for in equations (3.9) and
(3.11). For example, when a flowmeter with 4 electrodes has one pair aligned to the magnetic
field, the value of N equals 2 in these equations.

At the end of paragraph 3.2.3, it was noted that the performance of the flowmeters with multiple
electrodes, depends on the way the induced signals are combined. From this vision, two different
methods were introduced to find an estimation of the exact mean flow rate, based on the
measured potentials at the electrodes. To gain more insight in the way the induced signals are
being processed, we will look at an example which illustrates this process.

"0""
induced potential at electrodes
approximated value flowrate after signal correction method SHERCLIFF
mean value of the approximations

exact mean velocity is 1 mls

_.- -0.-,., -0 - - -0 - - -0 - - -0 - - -0 - - -0 - - -0 - - -0 - - <) - - o· - - ·0·,·,··- 0. - - 0. . 0

... ..... .... .,........,. ..... ..... ..... ... ..............
'... ......... l+E' ....

2 4 6 elec~rode 10 12 14
no.

. ...)it

Figure 3-4a: This figure illustrates the behaviour of a flowmeter with one magnetic field {: B = [Bx,OJ
and 16 point electrodes. The fluid flow for this case is axisymmetrical and has a mean value of 1
m/s. The induced voltages at the electrodes are represented by the ,.. '-marks. The signals at the

electrodes are manipulated according to method SHERCLIFF. The figure shows how the exact value
of the mean flow rate is extracted from the induced signals.

16

o

1412

<:>
...................Mlf !IlI

o'

6 8 10
electrode no.

...
)1M ..... )1M _....':-...: ....:~.

.......... ,..... )iM

<:>.................., .

.. induced potential at electrodes
..0 .... approximated value flowrate after signal correction method ENGL

mean value of the approximations

exact mean velocity is 1 m/s
0·· ·02

1.5
1 .

0.5
0

1
-0.50L----2~-~4-

Figure 3-4b: This figure illustrates the same situation as was described for figure 3-4b. The induced

voltages at the electrodes is therefore the same as in figure 3-4a (represented by the ''''-marks).
The signals at the electrodes are now manipulated according to method ENGL. The figure shows
how the values of the induced signals are converted to data-points at the line {V +cos (2<p '))'.
The mean value of the sixteen data-points equals the mean flow rate.

1 In the plots of figure 3-4, the x-axis represents the number of the 16 electrodes, equally distributed at the

pipe wall. The first electrode is placed at position <p' ,= n/16, the second at <p'2=3n/l6, the sixteenth at <P'16=

31n/l6. Therefore, the x-axis also be seen as the angle <p', ranging from [n/l6 , 31n/l6], thus almost the

whole pipe wall.

3-9



Modelling of electromagnetic flowmeters with point electrodes

"0""
induced potential at electrodes
approximated value flowrate after signal correction method Shercliff
mean value of the approximations

exact mean velocity is 1 m/s o

3
0 0

2
o. 0

1 ·0 .0
0 ·0 0 0

>IE >IE 0 0 0 0
>IE >IE >IE >IE

0 >IE >IE ... >IE ... >IE ..
2 4 6 ~ 10 12 14 16

elec rode no.

Figure 3·4c: This figure also illustrates the behaviour of a flowmeter with one magnetic field (: B =
[Bx'O] and 16 point electrodes. This time, however, the fluid flow for is asymmetrical, with a mean
value of 1 m/s. The induced voltages at the electrodes are represented by the '.'·marks. The

signals at the electrodes are manipulated according to method SHERCLIFF. The converted data·

points are indicated with o-marks. Due to the asymmetry of the fluid flow, the data-points only

approximate the exact mean velocity. The average value of the 16 approximations equals 1.3,

which means an error in the estimation of about 30% ...
..0····

induced potential at electrodes
approximated value f10wrate after signal correction method ENGL
mean value of the approximations

exact mean velocity is 1 m/s
3

2 C> ·0. .0·· ·0
..

0 0 0·· ·0

1
:......... ...... " ..::"

·0. 0
>IE ... ..

>IE ... .~ .0 0

0
>IE .. ~ >IE >IE >IE ... ..

2 4 6 elec~rode 10 12 14 16
no.

Figure 3-4d: This figure illustrates the same situation as was described for figure 3-4c. The induced

voltages at the electrodes is therefore the same as in figure 3-4c (represented by the '.'-marks).

The signals at the electrodes are manipulated according to method ENGL. The figure shows how

the values of the induced signals are now converted to data-points at a line that only slightly

resembles the line (V +cos (2<p ) )1, like in the case of axisymmetricaI flow. However, the errors

due to the asymmetry of the flow cancel each out very well, the mean value of the sixteen data

points is calculated. This, contrary to the flowmeter in figure 3-4c, for which the signals were

converted using method SHERCLIFF.

Figures 3-4a and b show us how the induced voltage at the electrodes matches the theory of

paragraph 3.2.2. The induced potential meets the relation given by equation (3.5). The

conversion of the induced data-points shows for both methods how the exact mean value of the
flow is extracted.

Figures 3-4c and d show how the potential distribution due to axisymmetrical fluid flow is
disturbed when the flow profile becomes asymmetrical. The induced distribution no longer
matches equation (3.5). Figure 3-4c shows how the bad cancelling process of method I results in

an error of about 30%. Figure 3-4d shows how the cancelling process of method 2 results in a

very good estimation of the mean flow rate.

At this point, we have to be careful with our conclusion concerning the quality of the cancelling
process of these methods. We have only looked at one asymmetrical profile and only considered
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one .lowmeter. With this single example, we haven't excluded worst case scenario's, like was

mentioned at the beginn ing of this chapter.

3.3 Implementation and validation of the models

The models, described in the previous paragraph have been implemented in the program
EM_METER. This program is especially written for simulating the performance of
electromagnetic flowmeter. This paragraph will briefly discuss some features of this program.

The program has been prepared for the simulation of different types of electromagnetic

flowmeters. At the time this report was written, only the models of this report has been
programmed. The two methods to approximate the mean velocity, as described in paragraph

3.2.4, are programmed as two different models. The method using equation (3.9) (:
SHERCLJFF) is programmed in Model_l. The method using equation (3.11) (: ENGL) is
programmed in Model_2. The simulation results presented in chapter 4 have been derived

using the simulation options of the program for these models.

The program works in the Matlab environment. When the program is started, it opens a figure
window and uses this window as a platform to co-ordinate its simulation options. The program
adds three extra menu-options to the standard menu-options of the figure created by Matlab.

Figure 3-5 presents an overview of these three options.

Figure 3-5: An overview of the three menu-options created by the program EM_METER.
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1.1e first extra menu-option, Model, enables the user to select the model which will be used for
the simu lations. The submenu-option, Info, displays general information about the different
models on the screen.
The second menu-option, ~onfiguration, handles the configuration of the magnetic field
and the electrodes. This menu also enables the user to select the velocity profile. For the models
1 and 2, the magnetic field is defined by the vector B = [Bx,By]' The electrodes are defined by a
vector which contains the positions of the point electrodes at the pipe wall. The position of all
electrodes is indicated by the positive angle measured from the positive x-axis.
The third menu-option, Qimulation, contains six simulation options. These options can be
selected when the necessary information has been provided by the user. For example, the
simulation options Plot velocity profile and Calc. mean veloctiy can only be
selected when a velocity profile has been chosen. To illustrate the six simulation options for
Model_l, an example is given in figure 3-6.

velocity profile nO.3 8=[1 0] , E=[1/4 3/4 5/4 7/4] x pi rad

10.

8

>.
~ 4 ..
o
QJ
> 2.

y-axis -1 -1 x-axis

4

.... 2
0

1:5
$
:E 0OJ'w
3:

-2
1

1

y-axis -1 -1 x-axis

Figure 3-6a: "Plot velocity profile"

Figure 3-6c: "Calc. mean velo::ity"

Figure 3-6b: "Plot weight function"

Magneticfield: [Bx.By] = [1.0]
Electrodes at: [0.250.751.251.75] (x pi rad)

Epsilon calculated for rO = 0.9
Value of Epsilon(rO): 0.4424

Figure 3-6d: "Calc. epsilon"
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approximations of the mean velocity
for vz = vz(r,phi+ROT_PHI)

1.4

At the time this report was written, (j)

this simulation-option was not yet E 1.3~

implemented. When this option is
~
'<:3
a

selected, the program displays a
Q)
> 1.2
c:

warning message on the screen. This ro
Q)

E
message informs the user that this '0 1.1Q)

simulation-option has not yet been
ro
E
'x

programmed for the model a
L.-

0..
0..
ro

0

Figure 3-6e: "Calc. the sensitivity" Figure 3-6f: "Calc. the approx. of the

mean velocity"

Figure 3-6: This example illustrates the six simulation options of the program EM_METER

for Model_l (: method SHERCLlFF).

The first simulation option can be used to gather information about the shape of the velocity
profile. The third option can be used to calculate the exact value of the mean velocity of the

profile.

The simulation options 2 and 4 provide the user with information about the weight function of
the flowmeter. With these options, the behaviour of the flowmeter can be predicted or explained.

At the time this report was written, simulation option 5 had not yet been programmed for

Model 1 and Model 2.- -
Finally, simulation option 6 can be used for the investigation of the relative performance of the
flowmeters.

Validation of the theory presented in this report can be split into two parts:
I. Shercliff (1962) validated the theoretical part for the conventional flowmeter. He showed

how, given the potential at the pipe wall, the mean velocity could be calculated.

2. Among others, Horner et al. (1996) extended the theory for flowmeters with multiple

electrodes and validated the theory in practice. Therefore, he carried out a number of
experiments with flowmeters with 2, 4, 8 and 16 electrodes and one or two magnetic fields.

For his experiments, he used asymmetrical fluid flow (which fluid was not mentioned) and
used method ENGL to derive the approximations of the mean flow rate from the potential
distribution.
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3.4 Summary

In this chapter, the theory of chapter 2 has been worked out for electromagnetic flowmeters with
point electrodes. After a detailed look at the relation of between the velocity profile and the
induced voltage at the electrodes, two models have been derived. The difference between these
two models is the way the mean velocity of the fluid flow is derived from the induced signals at
the electrodes. The relation of the models are represented by the following equations:

Modell: SHERCLIFF

~ 1 -f 1 U( ,) /. ,v; =--~ - <P i SIll <P i

Nrr. i B x

Model 2: ENGL

~ 1 N 1
\I; =-I -U(<p;)/cos<p;

Nrr. i By

case 2: B = [O,By ]

(3.12)

v
N

rr. I (sin<p;Y

N 1I --U(<p;)cos<p;
~ i B v
v; = tv

7t I (cos<p;Y

case 2: B = [O,By]

(3.13)

The conditions under which these models are valid are were summarised in paragraph 2.3. In
paragraph 3.1 these conditions were extended with the following conditions:

1. The impedance of the interface between the electrodes and the fluid is homogeneous.
11. The electrodes are in direct contact with the liquid (wet electrodes), fouling IS not

considered.
III. The electrodes are placed in the wall of the tube in such a way that they don't affect the fluid

flow.
iv. The wall of the tube is assumed to be non-conducting.
v. The magnetic field of the flowmeter is constant and homogeneous all over the cross-section

of the pipe.
VI. When flowmeters with multiple magnetic fields are considered, the fields are activated in

time and eventual delays' {ill be neglected. When the weight function of flowmeters with
multiple fields is mentioned, we aim at the combined weight function of this meter. This
means that the weight functions, linked to the different magnetic fields, are superposed and
then normalised, resulting in the combined weight function.

vii. We will neglect side-effects. Neglecting side-effects will not harm the practical validity of
this research. The objective of this chapter is merely to give an answer to the question how
much improvement is to be expected by changing the configuration of flowmeters with point
electrodes. Most side-effects will harm the performance of the flowmeters considered in this
chapter in an equal way.

Due to these simplifications, the exact performance of a flowmeter in practice can not be
determined with the models. The theoretical approach can only give us information about
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r"lative improvements in performance between different configurations or methods to estimate
the mean flow rate.

The dependence on the orientation of the asymmetrical flow makes mutual comparison of

practical experiments difficult. The reason for this is the lack of control of the velocity profiles

used in the experiments. Another advantage of a theoretical approach, over a practical approach.

is the fact that many different configurations can be investigated.

Which of the two models, SHERCLIFF or ENGL will lead to the best estimations of the velocity

profile can not yet be told. To predict the difference in performance, more insight is required in

the cancelling process of the methods and their relation between this cancelling proces and the

asymmetry of the velocity profiles.

To gain more insight in the performance of the models, both models have been implemented in

the simulation program EM_METER. With this program the behaviour and relative performance

of the flowmeters can be investigated.
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4. Evaluation of electromagnetic
flowmeters with point electrodes

In chapter 3, two models were presented for electromagnetic flowmeters with point electrodes.

The goal of the models is twofold:

1. To increase the insight in the behaviour of electromagnetic flowmeters with point electrodes;

2. To determine the relative performance of several different configurations of these
flowmeters.

The behaviour of the flowmeters has been described in chapter 3. That chapter also indicated

how the second goal could be achieved by means of simulation. These evaluations, necessary to

determine the relative performance of several configurations will be discussed in this chapter.

Paragraph 4.1 presents the evaluation procedure. In paragraph 4.2 the input of the simulations,

namely the choice of the velocity profiles, is illustrated. In paragraph 4.3, the same is done for

the selection of the configurations of the flowmeters. Paragraph 4.4 explains the criterion's used

to determine the performance of the flowmeters from the simulation results. Paragraph 4.5 will

summarise all previous paragraphs. Next, the simulation results are presented and discussed in

paragraph 4.6. Finally this chapter is concluded in paragraph 4.7.

4.1 Introduction

The objective of the evaluation procedure is to determine the relative performance of several

different configurations of flowmeters with point electrodes. The performance of the flowmeters

refer to how accurate the mean velocity of the fluid flow can be approximated by the flowmeter.

The mean velocity can be approximated from the induced voltage in two ways. These methods

for approximating the mean velocity have been programmed in Model_I and Model_2, of the
simulation program.

The sim ulation option "Calc. the approx. of the mean ve1. "of this program was

used to investigate the perfonnance of the flowmeters. This simulation option calculates the

approximation of the mean velocity for different orientations ofthe velocity profile.

Before we can start with the evaluation, we need an answer to the following questions:

1. Which velocity profiles can be used for the simulations? (paragraph 4.2)

2. Which configurations of the flowmeters with point electrodes must be looked at? (paragraph
4.3)

3. What is the link between the relative performance and the data provided by the simulation
program? (paragraph 4.4)
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4.2 Selection of the velocity profiles

One major advantage of the theoretical approach is the possibility to define the velocity profile.
This offers us the following opportunities to:

=:> perform different simulations with exactly the same velocity profile.
=:> easily change the orientation of the velocity profile.

Small changes in the velocity profile can influence the accuracy of electromagnetic flowmeters
enormously. To make mutual comparison of the simulations with different flowmeters possible,
the velocity profiles in the simulations must be the same.
The sensitivity of the flowmeter for the velocity profile makes this flowmeter also dependent on
the orientation of the profile. This is illustrated in figure 4_1 1

•

approximations of the mean velocity for vz = vz(r,phi+ROT_PHI)

1.4c
ro
Ql 1.3E
u
~ 1.22

ro .sE 1.1
'x ~
0 "l5c..Q
a. Ql 0ro > 6

Figure 4-1: This figure illustrates how the performance of the flowmeter can depend on
the orientation of the velocity profile vz(r,<p). The approximation of a flowmeter is
plotted, when the velocity profile is rotated over an angle <Prot. The dotted line
represents the exact value of the mean fluid flow

When the velocity profile is rotated over an angle <Prot, the orientation of the areas with over or
under-response towards the position of the electrodes changes. This causes the variation in the

accuracy of the approximations. Due to this dependency, a measurement result for only one value
of <Prot will not be representative for the accuracy of the flowmeter. To account for this
dependency, the accuracy of the flowmeter has to be evaluated for <Prot = [0 21t].
Thus mutual comparing of the simulation results is only possible when exactly the same velocity
profiles are used for the simulations and when the dependency of the orientation is cancelled out
of the simulation result.

For the selection of the velocity profiles, the following rules have to be obeyed:

1. the velocity of the flow is zero at the wall of the pipe
2. the velocity profile is described by function which is continuous over the cross-section of the

pIpe
3. the profile is defined in polar co-ordinates

I Figure 4-1 has been calculated using the simulation program EM METER
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The first two conditions follow from the assumptions stated in paragraph 2.3.1. The simulation

program requires that the third condition is met.

Several profiles have been used for the simulations. This is necessary to avoid good (or bad)

performance due to accidental (un)favourable combinations of features of a configuration and a

velocity profile.
The selected velocity profiles will briefly be discussed. The definition of the profiles is given in

table 4-1.

Reference name2
:

Definition:

Mean velocity:

Asyml

see table 4-1

I mls

velocity profile no.1 (name Asyml)

Figure 4-2: Velocity profile 1; Asyml

Special features:

Velocity profile Asyml, shown in figure 4

2, has its velocity concentrated in one half

of the cross-section. The profile is

asymmetrical and therefore errors in the

approximation of the flowmeter are

expected. The profile has one line of

symmetry, namely the x-axis. The

maximum gradient of the velocity is smaller

then the maximum gradient of the profiles

shown in the figures 4-3 and 4-4. The

flowmeters are therefore expected to

approximate the mean velocity of this

profile more accurate.

5

1i1 4"
E 3-
.?;-
·0 2
0
Q)
> 1 .

a
1

y-axis -1 -1 x-axis

2 This reference name is used in the simulation program and in appendix E (Simulation results)
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Reference name2
:

Definition:
Mean velocity:

Asym2

see table 4-1
1.23 m/s

velocity profile nO.2 (name Asym2)

Special features:
Velocity profile Asym2, shown in figure 4

3, is chosen for its typical asymmetry. The
velocity is concentrated in three spikes with
different height. An important difference
between this profile and the others, is that
this profile has no line of symmetry. The
maximum gradient of the velocity is larger
than the gradient of the profile no. 1, but
smaller com pared to the maximum grad ient
of profile no.3.

10

8
(j)

E 6........

~
4'u

0
ID
> 2 --'T'

0
1

y-axis -1 -1 x-axis

Reference name2
:

Definition:
Mean velocity:

Spike

see table 4-1
1 m/s

Figure 4-3: Velocity profile 2; Asym2

velocity profile nO.3 (name Spike)

Special features:
Velocity profile Spike, shown in figure 4
4, is also chosen for its special asymmetry.
The velocity is concentrated in the spike
which makes predicting the behaviour of the
flowmeter easier. The profile has one line of
symmetry, namely the x-axis. The
maximum gradient of the velocity is larger
than the maximum gradient of the other
profiles. The flowmeters are therefore
expected to approximate the mean velocity
of this profi Ie less accurate.

50

40 y
.- "

(j) 30--S
~

20 ".- --

'u
0 10
ID
>

0
1

0

y-axis -1 -1 x-axis

Figure 4-4: Velocity profile 3; Spike
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Asyml

Asym2

Spike

32 Ii 2)f )433 V- r . Vcos(<p ) +1

7.5 r 3 Q- r 2
} ((cos (<p) +I} (cos (3<p + 1t) +I} (sin (5<p + 1t) + 1) + (1- r

2
)

50· [0.250 +cos ([r cos( <p) - 0.5}1t))- (1 + cos (r 1t sine<p)))T

(4.1 )

(4.2)

(4.3)

Table 4-1: Definition of the selected velocity profiles

Now the velocity profiles have been chosen. In the next paragraph, we will select the
configurations of the flowmeters.

4.3 Selection of the flowmeters

Focusing on the group of electromagnetic flowmeters with point electrodes, the configuration can
be adjusted in three ways:

I. the number of electrodes can be varied; (paragraph 4.3.1)
2. one magnetic field can be applied, or two; (paragraph 4.3.2)
3. the electrodes can be placed to get a to a minimum value for epsilon. (paragraph 4.3.2)

Using these three options, a large variety of flowmeters can be designed. The pros and cons of
these options are summarised in this paragraph.

4.3.1 Multiple electrodes

When the number of electrodes of a flowmeter is increased, more information is gathered abollt
the induced potential at the wall of the pipe. In case of asymmetrical fluid flow, each electrode
will give an approximation of the exact flow rate. When the signals at the electrodes are
combined, the errors in the approximations might cancel each other out, resulting in a better
estimation of the flow rate.
The way the information at the electrodes is combined, can influence the process of cancellation.
Due to the complex shape of the weight function, it is difficult to predict how good this
cancellation process will be. In chapter 3, two methods were introduced. The difference between
these methods is the way the induced signals at the electrodes are combined. The success of these
methods to approximate the mean fluid flow will differ while the cancelling process of the errors
is different for both methods. This was illustrated in the previous chapter in figure 3-4.
It will depend on the way the errors are cancelled, whether to performance of the flowmeters will
increase with the number of electrodes or not. To investigate the influence of the number of
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electrodes on the performance of the flowmeter, configurations with a varY1l1g number of
electrodes will be considered in our simulations, namely: 2, 3, 4,5,6,8, 16.

4.3.2 Multiple magnetic fields

Beside varying the number of the electrodes, the configuration of the magnetic field can be
adjusted. We will consider flowmeters with one of two magnetic fields. The fields will be
constant, homogeneous.
When only one magnetic field is applied, this field will be given by B = [Bx,O]. The electrodes
are distributed at the wall of the pipe in such a way that alignment of the electrodes with the
magnetic field is avoided.
When two magnetic fields are considered, these fields will be defined as B1 = [Bx,O] and 8 2 =
[O,Bv]. These fields are activated in turn, dynamic features and changes in the velocity profile
duril;g one measurement sequence3 will be ignored. The signals, measured at the electrodes
during the active state of one of the fields, are combined according to one of the methods
described in chapter 3. Thus, each measurement period results in two approximations of the mean
flow rate. One approximation derived when magnetic field B 1 is active, and a second when B2 is
active. The average value of these two approximations is taken as the estimation of the flowmeter
of the mean flow rate.

Electrodes placed on the x-axis or y-axis are now only aligned to one of the magnetic fields
during one half of each measuring sequence. Thus electrodes can be placed on one of these axes
when two magnetic fields are used.

The cancelling process of the errors, due to the asymmetric components in the velocity profile,
depends on the configuration of the magnetic field. Therefore, when two independent magnetic
fields are used, two different estimations of the mean flow rate is expected in case of
asymmetrical flow. Thus, the average of these estimations is an indication of the mean flow rate,
based on two cancelling processes. For this reason, a flowmeter provided with two independent
magnetic fields is assumed to perform better then a flowmeter with only one magnetic field.
To investigate this influence of the number of magnetic fields on the performance of the
flowmeter, configurations with one and two constant magnetic fields will be considered in our
simulations.

4.3.3 Minimal value of epsilon

The electrodes of a flowPleter can be distributed over the wall of the pipe in several ways. One
way to configure the elecl rodes uses the parameter epsilon as a guide.
This parameter indicates the measure of uniformity of the weight function. According to chapter
2 epsilon is defined by:

(4.4)

) A measurement sequence consists of two phases:

phase 1: B] active, B2 inactive. Phase 2: B] inactive, B2 active.
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where

21t'il

W(ro)=(1/nro) JJW(r,q> )rdrdq>
o 0

(4.5)

In this report the value ra = 0.9R is selected (R: the radius ofthe pipe).
Chapter 2 explained the following relation between the parameter epsilon, the uniformity and the
expected performance of the flowmeter:

The smaller the value of epsilon, the better the uniformity of the weight function,
the better the flowmeter is expected to estimate the mean flow rate.

Given the configuration of the magnetic field, we will now use the parameter epsilon to find the
optimum positions for the electrodes. The electrodes will be distributed over the wall of the pipe
in such a way, that the value of epsilon is minimised.
If we want to minimise equation (4.4) for a flowmeter with N electrodes, we have to find the
extreme minimum of that function in a solution space with N dimensions (one dimension for the
position of each electrodes). This makes the method quite complex, especially when the number
of electrodes is increased.
The solution space can, however, be simplified by the following rules of symmetry:

1. uniformity of the weight function requires that the electrodes are placed symmetrical towards
the Iine of the magnetic field

2. uniformity of the weight function requires that the electrodes are placed symmetrical towards
the line perpendicular the magnetic field

When the electrodes are placed symmetrical towards the line ofthe mangetic field, over-response
at electrodes at one side of the magnetic field is optimally compensated by the under-response at
the electrodes on the other site of the magnetic field. The second rule is best illustrated by figure
3-3d.

These two rules describe two relations between the electrodes. These relations can be used to
filter out infeasible regions of the solution space and in that way optimise our quest for the
configuration with the minimum value of epsilon. This will be illustrated by the following
example.

Consider a flowmeter with one magnetic field given by B = [Bx,O]. We will place 6 electrodes
over the wall of the pipe.
One way to do this, is by distributing them homogeneously over the wall. Avoiding alignment of
the electrodes with the magnetic field, and applying the first rule of symmetry, leads to the
following configuration for the electrodes: [30°,90°,150°,210°,270°,330°].
For this configuration of the flowmeter, the value of c(0.9) equals:

method 1: 0.4224 method 2: 0.2718

If we want to find the configurations leading to the minimum value of epsilon, we start with the
rules of symmetry. These rules require that two electrodes are placed on the y-axis. Further, these
rules prescribe the relation between the remaining 4 electrodes, as is illustrated in figure 4-5a.

4-7



Evaluation of electromagnetic flowmeters with point electrodes

-- : SHERCLIFF - . _. - : ENGL
• : electrode

nl2

0.50.40.2 0.3

~<p (x 1t rad)

0.1
o
o

0.5

3nl2

1.5

Figure 4-5a: This figure illustrates how the
position of four electrodes is changed (:<i<pl in
order to find the minimum value of epsilon. The
relation between the positions of the six
electrodes follows from the two rules of
symmetry.

Figure 4-5b: This figure shows the relation
between the value of E(O.9) and the value of
the angle <i<p (see figure 4-5a). This relation
is plotted for both methods to calculate the
approximation of the mean flow rate.

When the position of one of the 4 electrodes is varied over the angle ~<p, the position of the other

electrodes must be changed over the same angle (in order to meet the requirements of the rules of
symmetry).

If ~<p = 0 rad, the four electrodes are aligned to the magnetic field, so electrodes can then be

omitted. The value of 8(ro) for this configuration equals 0.44244 (for both methods). If ~<p = 1t/2
rad, 3 electrodes are placed at 1t/2, and 3 electrodes at 31t/2. It may be obvious that the value of

8(0.9) also equals 0.4424 (for both methods) for this configuration.
When the electrodes are placed between these two extreme situations, the value of 8(rO) will

change. The value of 8(0.9), as a function of the angle ~<p, is plotted in figure 4-5b. This figure
shows that the (extreme) minimum value of8(rO) is

method SHERCLlFF: 0.16595 method ENGL: 0.16325

The configuration for which the minimum value of epsilon is derived ,is:

method SHERCLlFF: electrodes at [56°,90°,124°,236°,270°,304°] (: ~<p '" 54°)

method ENGL: electrodes at [54°,90°,126°,234°,270°,306°] (: ~<p = 56°)

4 For t\<p = 0, the configuration of the flowmeter is the same as the conventional flowmeter, described in

the paragraphs 2.4.1 and 2.4.2. In paragraph 2.5.1, it was stated that I::(ro) equals 0.4424 for this
configuration.

5 Minimum possible value of I::(ro), when one magnetic field is applied and 6 electrodes are used. A detailed

representation of figure 4.5b is presented in appendix D.
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The accuracy of the numerical method, used in the simulations necessary to calculate above

results, leaves space for small deviations from these optimal positions. Nevertheless, the value of
£ (1'0) and the positions of the electrodes match the theoretical results, presented by (O'Sullivan

( 1983)t

As stated earlier, minimising of the value of epsilon improves the uniformity of the weight
function. Better performances are therefore expected, when this method is applied to configure

the electrodes. The use of this method to configure the electrodes of flowmeters with 3, 4, 5, 6
and 8 electrodes is described in appendix D.

4.4 Criterion of the performance

The simulations are carried out using simulation option 6 ("Calc. the approx. of the

mean velocity") of the simulation program. The simulation results will contain information
concerning the performance of the simulated flowmeter. From the simulation results, the

following information can be extracted:

• ERROR_MAX: the maximum error in the approximations
• cr: the standard deviation of the approximations calculated for <Prot = [0,27t]

No bias is expected to appear in the simulation results. The mean value of the approximations,
calculated over <Prot = [0,27t], will equal the exact mean velocity. As proved in chapter 3, the

mean weighing of each electrode, calculated over a trajectory at constant radius r from the centre

of the pipe, equals I. This relation was proved to be independent on the value r (r = [0, I») and
valid for both methods to derive the mean signals from the induced potential. Due to this feature,

the average of the approximations of the flowmeter, calculated for <Prot = [0,27t] will be equal to
the mean flow rate. However, a small bias can occur due to the limited accuracy of the numerical
methods used by the simulation. Errors due to this inaccuracy are less then 2.1 0-3

. 11 and
therefore neglected.

The standard deviation is calculated by the following equation:

(4.6)

The calculations of cr will be based on data samples for 100 different values of <Prot.

The maximum error provides us with information concerning the worst case performance of the
flowmeter for the velocity profile. Measurements in practice, are based on measurements on
(constantly) altering velocity profiles so worst case approximations can be filtered out in general.
Therefore, more important information is enclosed in the values of the standard deviation.

6Q 'sullivan (1983) mentioned in an article that the minimum value £(0.9) = 0.163 is achieved when the six

electrodes are placed at [55°,90°,125°,236°,270°,305°] (using method ENOL).
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4.5 Summary of the simulation procedure

Before presenting the simulation results. this paragraph will give an overview of the evaluation
procedure.
We have selected three velocity profiles. The three profiles were chosen for their special
asymmetry. The names of the selected profile are: Asyml, Asym2, and Spike.

The mean flow rate of these three profiles wi II be approximated by several flowmeters with
different configurations. The configurations have been selected based on:

I. their number of electrodes: 2, 3, 4, 5,6, 8 or 16;
2. their number of magnetic fields: 1 or 2;
3. their characteristic configuration leading to a minimum value of8(ro).

The 18 configurations used for the simulations are presented in table 4-2. In the last column of
this table, the values of epsilon are presented for these configurations. These values have been
calculated, using simulation option 4 of the simulation program. The behaviour of these 18
flowmeters will be investigated for the three velocity profiles. The simulation results will provide
us with information about the accuracy of the flowmeter to approximate the mean flow rate, for
each velocity profile. The maximum error, ERROR_MAX, in the approximations of the flowmeter
and the standard deviation, cr, of the approximations can be derived from these results.
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[n/2 , 3n/2]

ENGL: 0.4424

2

3

2 magnetic fields

2 electrodes

1 magnetic field

3 electrodes

yes

yes

yes

no

no [n/4 , 5n/4]

[3n/6 , 7n/6 , 11 n/6]

SHERCL.: 0.4719

ENGL: 0.4719

SHERCL.: O. 7247

ENGL: O. 6076

SHERCL.: 0.32304 \ E
'~

I magnetic field
3 electrodes

no

no

yes

yes

[90,245,295] (degrees)

[90,246,294) (degrees) ENGL: 0.3246

5 I magnetic field

4 electrodes yes no [n/4 , 3n/4 , 5/4n , 7n/4]

SHERCL.: 0.4424

ENGL: 0.4424

SHERCL.: 0.24776 I magnetic field

4 electrodes no yes [67,113,247,293] (degrees)

ENGL: 0.2477

Table 4-2, part 1: Different configurations, used for the theoretical part of the research

'When two magnetic fields are used, these fields are activated in turn. When a pair of electrodes is placed at the x or .v-axis. half of the time this pair will be aligned to the active magnetic field.

During these periods, no voltage is induced between the electrodes.

2The values of epsilon have been calculated usin~ ~imulation option 4 of the simulation program EM_METER
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SHERCL.: 0.2408

yes yes yes [0 , n/2 , n , 3n/2]

ENGL: 0.2408

8

9

2 magnetic fields

4 electrodes

I magnetic field

5 electrodes

yes

yes

yes

no

no [n/4 , 3n/4 , 5/4n , 7n/4]

[54,126,198,270,342] (degrees)

SHERCL.: 0.2408

ENGL: 0.2408

SHERCL.: 0.7247

ENGL: 0.3410

SHERCL.: 0.202410 I magnetic fields

5 electrodes

no

no

yes

yes

[68,112,235,270,305] (degrees)

[68,112,233,270,307] (degrees)
ENGL: 0.2001

11 I magnetic field

6 electrodes yes no [n/6 , 3n/6 , ... , I In/6]

SHERCL.: 0.4424

ENGL: 0.2718

SHERCL.: 0.165912 I magnetic field
6 electrodes

no

no

yes

yes

[56.90.124,236.270.304] (degrees)

[54,90.126,234.270.306] (degrees) ENGL: 0.1623

Table 4-2. part 2: Different configurations. used for the theoretical part of the research

'When two magnetic fields are used, these fields are activated in turn. When a pair of electrodes is placed at the x or y-axis, half of the time this pair will be aligned to the active magnetic field.

During these periods, no voltage is induced between the electrodes.

2The values of epsilon have been calculated using simulation option 4 of the simulation program EM_METER
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SHERCL.: 0.4424

SHERCL.: 0.1217
ENGL: 0.1833

0.1136ENGL:

[re/8 , 3re/8 , ... , 15re/8]

[50,78, I02, 130,258,230,282,31 0]
(degrees)

[45,75,105,135,225,255,285,315]
(degrees)

no

yesno

yes

I magnetic field
8 electrodes

." .~ E
.. e ..
~ .
"8"

14

SHERCL.: 0.128915 2 magnetic fields
8 electrodes yes no yes [0, re/4 , ... ,7re/4]

ENGL: 0.1070

SHERCL.: 0.2408

SHERCL.: 0.1096

SHERCL.: 0.4424

0.1070

0.1070

0.0530

ENGL:

ENGL:

ENGL:

[re/8 , 3re/8 , ... , 15re/8]

[re/l6 , 3rel 16 , ... , 3 Ire/l6]

[ref8 , 3ref8 , ... , 15ref8] (rad)

[32,58,122,148,212.238,302,328]
(degrees)

no

no

no

no

no

yesno

yes

yes

yes
1 magnetic field
16 electrodes

2 magnetic fields
8 electrodes

2 magnetic fields
8 electrodes

/-\16
. . ..
"'-.//

16

17

18

Table 4-2, part 3: Different configurations, used for the theoretical part of the research

I When two magnetic fields are used, these fields are activated in turn. When a pair of electrodes is placed at the x or y-axis, half of the time this pair will be aligned to the active magnetic field.

During these periods, no voltage is induced between the electrodes

2The values of epsilon have been calculated using simulation option 4 of the simulation program EM_METER

lFoi' method ENGL, configuration nO.16 equals configuration no.17
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4.6 Simulations of the flowmeters

This paragraph will discuss the simulation results. All the simulation results are presented in
appendix E. In this paragraph, the simulation data will be combined in such a way that trends in
the performance ofthe flowmeters can be detected.
The influence of the following parameters on the performance of the flowmeter wi II be looked
at:

• the method used to derive the approximation of the mean flow rate;
• the number of electrodes;
• the number of magnetic fields;
• the value of epsilon.

The data in this paragraph will be presented in tables and figures. Most figures will show
graphics of the relation between the number of a configuration (x-axis) and a special feature of
the performance (y-axis). The number of the configuration agrees with the numbers attached to
the configurations in table 4-2. Information concerning the used method to derive the
approximations and the used velocity profile will be included in the title of the figures.
Sometimes, the values of a data set are normalised to the value of configuration no. 1 (i.e. the
conventional flowmeter with one magnetic field and two point electrodes). Here, normalised
means that the values of the data set have been divided by the value of the data set calculated for
the first configuration.

4.6.1 Simulation results

In figure 4-6, some simulation results are plotten for method SHERCLIFF. For this figure, the
normal ised values of ERROR_MAX and the normal ised value of cr (equation (4.6)) have been
used. These values were calculated for each velocity profile and the average value is plotted in
the figure. In figure 4-7, the same is done for method ENGL. The normalised values have been
used, and the average value has been calculated over the velocity profiles to make the graphics
independent of these velocity profile. In this way, the figures give a good impression of the
relative improvements between the configurations, which can be expected when one of the
methods is used. However, one has to remind that only three profiles are used for the
simulations. This means that the simulations will not be representative for all velocity profiles.
From these figures, the following can be concluded:

For both methods tl- e line for the ERROR_MAX matches the line for the cr very well. Expectations
in relative improvements in the performance, following from analyses based on values of
ERROR_MAX can therefore also be derived from analyses based on simulations of the standard
deviation. From now on, conclusions concerning the relative performance will be based on
simulation results of the standard deviation.

For method SHERCLIFF, the curve is not very smooth. Spikes in the figure indicate the
configurations for which the performance will not be improved, compared to the conventional
flowmeter (configuration no. 1). These configurations are: (1), 3, 5, 9, 11, 13 and 18. These
configurations have all one thing in common and that is that the distribution of their electrodes is
uniform. Thus increasing the number of uniformily distributed electrodes won't affect the
performance of the flowmeter when method SHERCLIFF is used.
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This is not the case for method ENGL. When the number of uniformily distributed electrodes is

increased for this method, the performance will improve. This with the exception of the

configuration 3. This configuration uses only three electrodes. The uniform distribution of these

three electrodes results in a very non-uniform weight function (: 8(0.9) = 0.6067). This makes

this configuration useless when method ENGL is used.

The other configurations (the configurations for which the position of the electrodes are chosen

to derive a minimum value of epsilon and the configurations with two magnetic fields) show

relative improvement in performance, compared to the conventional flowmeter. This applies for

both methods. The performane of this group will now be looked at.

Average value of the normalised ERROR_MAX (: '0') and STD (: 'x') over 3 profiles;
Method SHERCLlFF; profiles used: Asym1, Asym2 and Spike
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Figure 4-6: This figure gives an idea of the relative improvements between the
configurations, which can be expected when method SHERCLIFF is used for the
estimations.

Average value of the normalised ERROR_MAX (: '0') and STD (: 'x') over 3 profiles;

Method ENGL; profiles used: Asym1, Asym2 and Spike
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Figure 4-7: This figure gives an idea of the relative improvements between the
configurations, which can be expected when method ENGL is used for the estimations.
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To investigate the influence of the number of magnetic fields and the configuration of the
electrodes on the performance of the flowmeter, the data of the figures 4-6 and 4-7 are sorted out
in the figures 4-8 till 4-] O. For both methods, special configuration features of the flowmeters
are compare as follows:

Figure 4-8: configurations with uniformly distributed electrodes compared to the configurations
with a distribution ofthe electrodes leading to a minimum value of epsilon

Figure 4-9: configurations with one magnetic field compared to the configurations with two
magnetic fields

Figure 4-10: configurations with two magnetic fields and uniformly distributed electrodes
compared to the configurations with a distribution of the electrodes leading to a
minimum value of epsilon

The x-axis of these figures represents the number of electrodes of the flowmeters.

method SHERCLIFF method ENGL
100 n n n 100

5 11 13 5

80 80
+4 +4

60 60 o 9

40 + 6 40 +6

+10 +10
~ 11

20 + 12 20 12

+ 14 0 14
13

0 0
3 4 5 6 8 3 4 5 6 8

number of electrodes used number of electrodes used

Figure 4-8: This figure compares the performance of configurations with uniformly distributed
electrodes ('0') to the performance of configurations with a distribution of the electrodes leading to
a minimum value of epsilon (' + '). The left figure is based on method SHERCLlFF, the right figure
on ENGL. The data points are labeled with the number of the configuration (: see table 4-2). Only
configurations with one magnetic field are used in figure 4-8.

From this figure 4-8, the following can be concluded:

For method SHERCLIFF, adjusting the configurations in order to minimal.se the value of
epsilon improves the performance of the flowmeter compared to uniformily distributed
electrodes.
Looking at the configurations with minimalised value of epsilon, increasing the number of

electrodes affects the performance positivity.

For method ENGL, adjusting the configurations in order to minimalise the value of epsilon
improves the performance of the flowmeter compared to uniformity distributed electrodes.
However, when the number of electrodes used increases, the improvement becomes smaller.
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method SHERCLIFF method ENGL
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Figure 4-9: This figure compares the performance of configurations with one magnetic field ('0') to the
configurations with two magnetic fields ('x'). The left figure is based on method SHERClIFF, the
right figure on ENGL. The data points are labeled with the number of the configuration (: see table
4-2). The electrodes of the configurations used in figure 4-9 are uniformly distributed over the wall
of the pipe.

From this figure 4-9, the following can be concluded:

For method SHERCLIFF, adding a second magnetic field to the flowmeter improves the
performance of the flowmeter compared to configurations with one magnetic field and
uniformily distributed electrodes.
Looking at the configurations with two magnetic fields, increasing the number of electrodes
affects the performance positivily.

For method ENGL, adding a second magnetic field to the flowmeter improves the performance
of the flowmeter compared to configurations with one magnetic field and uniformily distributed
electrodes. However, when the number of electrodes used increases, the improvement becomes
smaller.

method SHERCLIFF method ENGL
100 100

80 80
+4 +4

60 60

40 +6 40 +6
+ 10 + 10

8X7 . 12 x16 8x7 + 12 1520 + 2014! . - .
14 ~16

a I

+151 17 17a
3 4 5 6 8 3 4 5 6 8

number of electrodes used number of electrodes used

Figure 4-10: This figure compares the performance of configurations with two magnetic fields and
uniformly distributed electrodes ('x') to the configurations with a distribution of the electrodes
leading to a minimum value of epsilon (' + 'I. The left figure is based on method SHERClIFF, the right
figure on ENGL. The data points are labeled with the number of the configuration (: see table 4-2).
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From this figure 4- 10, the following can be concluded for both methods:

With configurations using two magnetic fields, a better performance can be expected. However,
when the number of electrodes is increased, this difference will become smaller.

Finally, both methods will be compared. All simulation results presented so far were normalised
to the first configuration (conventional configuration) of each method. Although the methods use
different ways to derive the approximation of the mean velocity, their final approximations are
the same for this configuration of the flowmeter? Therefore, the simulation results presented so
far for each method can be compared with each other.
Based on the simulation results of figure 4-8, the following can be concluded for the
performance of the methods SHERCLlFF and ENGL:

When the electrodes of the flowmeter are uniformily distributed (:'0') over the pipe wall, method
ENGL leads to a better performance then method SHERCLlFF (with the exception of the
configurations with two or three electrodes).

When the electrodes are placed in order to minimise the value of epsilon, or when two magnetic
fields are used, both methods show only little difference in performance.

4.6.2 Discussion of the results

When the uniformity of the weight function is improved by minimal ising the value of epsilon.
the bad compensation of errors in the estimation is much improved. Only when the configuration
of flowmeters with odd numbers of electrodes is adjusted to achieve a minimum value of
epsilon, these flowmeters will be useful.

Optimising the distribution of the electrodes for the value of epsilon will improve the
performance of the flowmeter, compared to the performance of flowmeters with an uniform
distribution of the electrodes and only one magnetic field. Much improvement can be expected
for low numbers of electrodes. However, when the number of electrodes is increased and the
spacing between the electrodes becomes less, the possibilities for optimising the electrodes
becomes limited.

Two facts have to be kept in mind, when we draw conclusion on the results presented in the

previous paragraph. The first point is that the simulations are based on only three velocity
profiles. This means that the relative improvements are not representative for all velocity
profiles. These results only give an indication of the trend in improvement we can expect when
these configurations are used. Practical experiments are required to collect information about the
velocity profiles in the process in which the flowmeter will be used. When the same simulations
as shown in this chapter are performed based on these practical profiles, instead of the three test
profiles, better indications for the practical application can be derived.
A second remark should be made on the sensitivity of the flowmeter. When we presented the l8

configurations, we didn't concern the sensitivity of the meter. When the angle, d<p between the
position of the electrodes (<p') and the direction of the magnetic field (0° when Bx is applied, 90°
when By is used) becomes small, the induced potential at the electrodes also becomes small. This

7 The estimation of the mean flow rate is defined by equations (3.9) and (3.11) for each mel hod. In case of

the conventional flowmeter, these equations are equal
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proportional to (sin (d<p)). When this angle is small, the sensitivity of the flowmeter is reduced
and the signal-to-noise ratio also becomes worse. When a flowmeter uses only one magnetic
field, a trend is that the angle d<p becomes larger (compared to uniformly distributed electrodes).
This means a better sensitivity and signal-to-noise ratio.

4.7 Conclusions

Based on chapter 4, the following conclusions can be drawn:

• For method SHERCLIFF, adjusting the configurations in order to minimise the value of
epsilon improves the performance of the flowmeter compared to uniformly distributed
electrodes. Looking at the configurations with minimised value of epsilon, increasing the
number of electrodes affects the performance positively.

• For method ENGL, adjusting the configurations in order to minimise the value of epsilon
improves the performance of the flowmeter compared to uniformly distributed electrodes.
However, when the number of electrodes used increases, the improvement becomes smaller.

• For method SHERCLIFF, adding a second magnetic field to the flowmeter improves the
performance of the flowmeter compared to uniformly distributed electrodes. Looking at the
configurations with two magnetic fields, increasing the number of electrodes affects the
performance positively.

• For method ENGL, adding a second magnetic field to the flowmeter improves the
performance of the flowmeter compared to uniformly distributed electrodes. However, when
the number of electrodes used increases, the improvement becomes smaller.

• When the electrodes of the flowmeter are uniformly distributed over the pipe wall, method
ENGL leads to a better performance then method SHERCLIFF (with the exception of some
configurations for which their performance will be the same).

• Method ENGL is preferred over method SHERCLIFF.

• Based on the simulations presented in this chapter, an estimation of the relative improvement
between different configurations can be made. It is important to base these simulations on
velocity profiles which are representative for the practical situation.

• The trends, identified in this chapter, can be used to limit the number of sil'1ulations.
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5. Measuring the characteristics of fluid
flow using electromagnetic
flowmeters

1n the previous chapters, we have limited ourselves to only one application of electromagnetic
flowmeters -- namely the measurement of liquid flow rate. This is almost the only task for this
kind of flowmeter in industry.
Other applications which have been looked at in literature concern the measurement of flow

properties. Some interesting theories have been proposed in the last 6 years. This chapter
discusses some ofthese publications.

In paragraph 5.1 we will look at the possibilities of electromagnetic flowmeters for the
reconstruction of velocity profiles. Some methods will briefly be explained and some comment

is given on these theory. Paragraph 5.2 handles the measurement of rheological parameters.
Paragraph 5.3 summarises the results of this chapter.

5.1 Using electromagnetic flowmeters for the reconstruction
of velocity profiles

When fluid flows through a pipe and this pipe is placed in a magnetic field, a potential is induced
at the wall of the pipe. The potential at a point cp' at the pipe wall depends on the velocity profile

over the cross-section of the pipe. When the total potential distribution is known, it will be
possible to reconstruct the total velocity profile.

In practice, it is impossible to measure the total distribution. Because the flowmeter will become
too complex I and the signal-to-noise ratio will be very low.

The methods described in this paragraph, will coIlect sampled information about the potential

distribution. Fo" this task, point electrodes will be used. By means of mathematical methods of
interpolation, all approximation is made of the total distribution. Based on this result, predictions

will be made about the velocity profile.

This tactics will form the backbone ofthe methods described in this paragraph.

'an infinite number of electrodes and their necessary signal processing will be required
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5.1.1 Method described by Teshima et al.

Teshima et al. (1994) described a method to predict the flow profile based on measurements with
an electromagnetic flowmeter. For this task, they used a flowmeter with 8 point electrodes and 8
magnetic poles. This flowmeter is illustrated in figure 5-1.

We will not concern us with the
mathematical details ofthe method. For the
mathematical foundation of their theory,
the following references can be used:
Teshima et al. (1994), Honda and Tomita
(1991 a), Honda and Tomita (1991 b).
Their method can be divided into several
steps. These steps are illustrated in figure
5-2.

• : electrode _: magnetic pole

•

..
X

Figure 5-1: Flowmeter used by Teshima et al.

Flowmeter: Derive relation Approximate velocity Derive the discretized Derive the inverse relation

8 electrodes at 'f'; 'f'~ --. between f---.. profile by array of N --. relation between U and ---.. between U and the N

8 magn. poles at v; .. va U and v(r,lp) delta functions the N samples of v samples of v

+ + +
I U«pI-'P2· vi/z)= Hv(r"p)w(r"p)rdnhP I

N
6(r-rn )6«p -<Pn)LVII Calculate the inverse 0

r W by means of a least
n=1

square method)

I U is a function of the
N samples of vare a

discretized profile function of U.

Figure 5-2: Method described by Teshima et al. (1994)

To predict the velocity profile, based on measurements with the flowmeter of figure 5-1, the
relation betw( en the induced potential and the velocity profile must be derived. The magnetic
field is not constant as for the flowmeters concerned in our survey. Therefore the weight function
for their flowmeter differs from the weight function presented in this survey. The article shows
how the weight function can be derived for their flowmeter.
When the relation between the induced potential and the velocity profile is known, the function
is descretised for N samples of the velocity profile.

The velocity profile is approximated by an array ofN delta functions:
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(5.1)

Next the relation between the induced potential and these N samples of the velocity profile is
derived. This relation, describing the induced potential at the electrodes as a function of the N
samples, is then inverted. This means that the inverse weight function is calculated for the

discretised version. The result is an approximation of the N samples of the velocity profi Ie as a
function ofthe induced potentials.

The article describes the results of simulations to test this method. It concludes with
recommendations for further research for a better method. The authors warn for the fact that the

discretised weight function of this method is ill-posed and also that the algorithm for solving the
inverse problem needs to be improved.

The idea, proposed by Teshima et al. is very new and needs much more research before it can be
used in practice. Two factors make the method too inaccurate:

1. errors introduced by the mathematical approximations
2. errors due to the noise in the measured signals at the electrodes

A solution for the first aspect might be found within the next 5 to 10 years. The signal to noise
ratio of flowmeters with point electrodes might also be improved within the next years. The

revived interest for electromagnetic flowmeters with point electrodes in the past 6 years will
stimulate research to this aspect.

5.1.2 Method described by Trachtler and Wernsdorfer

Trachtler and Wernsd6rfer (1995) introduced two different methods to predict the flow profile.
They derived both methods for a flowmeter with multiple magnetic fields and multiple point
electrodes. The positions of the electrodes is indicated by the angle cp'. Again, we will not

concern us with the mathematical details of the methods. The mathematical foundation can be
found in (Trachtler and Wernsd6rfer (1995».

Both methods are illustrated in figure 5-3. Only several steps of the first method are shown. The
second method requires advanced knowledge of Direct Algebraic reconstruction techniques and
is therefore not further explained.
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Method 2: Calculate the estimation of the
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Reconstruction measurement results
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Figure 5-3: Methods described by Trachtler and Wernsd6rfer

The usefulness of both methods for practical applications is tested in the same article, Therefore,
a flowmeter with 8 point electrodes is used. Three different magnetic fields are applied,
according to the equation given in figure 5-3 (n = 0, I and 2). To give an indication of the
performance of the method to estimate the profile, the difference between the estimation and the
original profile is calculated in two ways:

(5.2)

For method I, these errors in case of the asymmetrical test profile were respectively 11.1 % and
19.7%. For method 2, these errors were respectively 3.2% and 5.7%. Based on the experiments
the following conclusion can be drawn:

• The first method is only of little practical use. The estimated profile didn't resemble the
original profile very well. A better performance can be expected when more measurement
data is collected, i.e. when more electrodes or more magnetic fields are used.
Increasing the number of different magnetic fields, however, increases the duration of a
measurement sequence. The magnetic fields will be switched on in turn to collect the set of
data at the electrodes. Not before the last set off data has been collee ~ed, the profile can be
reconstructed. One has to remind that the velocity profile must be the same during this
measurement sequence.
An alternative to decrease the measurement duration is to use as many flowmeters as the
number of different magnetic fields. The flowmeters can now be placed over a straight
section of a pipe and the measurement data can be collected at the same time. When the
duration of the measurement session is important, this alternative can be used. However, this
method demand that the profile is constant over the whole length of the pipe.
Increasing the number of electrodes has the restriction of the signal-to-noise ratio. The shape
and strength of the magnetic field in combination with the electrical conductivity of the
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liquid determines whether electrodes can be placed at a specific position or not. This is
something which has to keep in mind, when practical experiments are considered.

• Which the second method much better results where achieved. Despite its mathematical
complexity, the approach of Direct Algebraic Reconstruction seems to offer good
opportunities for the estimation of profiles. The method led to an estimation of the test
profile with an normalised error (E 1 or Ez, according to equation 5.2) of several percents.
More research is therefore expected to follow in the next years.

5.2 Using electromagnetic flowmeters for measuring
rheological parameters

Literature research on this subject resulted in only one article: (Trachtler and Mesch (1996)).
This article is a result of the revived interest, since 1990, in the application of electromagnetic
flowmeter for measurements of fluid flow characteristics.
This paragraph starts with a small introduction in the rheological fundamentals. After this
introduction, an article is described which handles the use of electromagnetic flowmeters for
measuring rheological parameters.

5.2.1 Rheology

The study of the behaviour of fluids is called rheology. Two different groups of measuring
methods for rheological parameters can fundamentally be differentiated:

• absolute rheological methods
• empirical methods

Using the first type of methods, parameters that are independent of the measuring device can be
determined. If measurements are used only for the relative comparison, empirical values are
most often suitable. For the design of technical apparatus and their scale up as well as for the
description of rheological phenomena (viscoelastic effects) absolute rheological parameters are
necessary. More over it has to be recognised that superposition of absolute rheological
parameters in empirical measurement techniques may lead to compensation effects followed by a
loss of relevance for the evaluation of the rheological behaviour.

In most practical situations, the following parameters play an important role:

1. The flow function 't (y) describes the functional dependency of the fluid shear rate and the
resulting shear stress 't in the fluid. This function characterises the rheological behaviour of
liquids.

2. The viscosity function T)(Y) can be calculated from the flow function by Newton's law
(T)(Y)='t(y)·y)·

3. The yield value 'to is the minimum shear stress that must be overcome to cause a deformation
of the fluid. This parameter is zero for most fluids. However, this parameter plays a
important role for Bingham plastics.
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4. The normal stress functions Yb Y2 (y) describe the elastic fluid behaviour dependent on the
shear rate.

5. The dynamic moduli G'(co) (and G"(co) and the dynamic viscosity coefficient l1'(CO) or the
complex viscosity l1*(co) that describe the viscous (G"(co); l1'(CO)) and the elastic (G'(co) flow
behaviour measured under definite unsteady flow conditions (known as oscillatory test).

6. The slip function 1:(ug) is not a pure fluid parameter but also dependent on the wall
conditions. For an accurate measurement of rheological parameters the slip function at the
walls of the measuring gap must be known if slippage cannot be avoided. For concentrated
suspensions and dispersions wall slippage has to be taken into account.

7. The slip limit 1:1 is the minimum shear stress to overcome the adhesion forces to the wall.
This parameter is dependent on the parameters characterising the interaction between fluid
and wall.

5.2.2 Method described by Trachtler and Mesch

As stated in the previous paragraph, the rheological behaviour of liquids is characterised by the
relation between the shear stress 1: and the shear rate. For some non-Newtonian fluids, their
relation can be adequately represented by the power-law model of Ostwald/de Waele, which for
axisymmetrical flow becomes

- k ." - k I av(r) "
T - .y - ·I----a;- (5.3)

where the exponent, n, is called the flow behaviour index and k, the consistency index. This
equation reduces to Newton's law of viscosity for n = I with k = m.
Trachtler and Mesch (1996) described the application of an electromagnetic flowmeter for the
measurement of rheological parameters of these power-law fluids. In the whole article, the flow
is assumed to be axisymmetric. Ifwe deal with laminar, axisymmetric flow of a power law fluid,
the hydrodynamic differential equations can be solved analytically, resulting in a velocity profile
given by

[ ( )
1+;;;]1+3n r n

v(r)= 1+n v 1- R (5.4)

This profil : is completely determined by the value of the mean velocity v and the behaviour
index n. We are dealing with axisymmetrical fluid flow, so v can be measured with a
conventional electromagnetic flowmeter. However, for measuring the behaviour index, two
adjustments are needed.

First, the electrodes are placed at +45 0 and -45 0
, instead of + or -900

•

For measuring the mean velocity, they use constant magnetic field !loo For measuring the
behaviour index, they switch the current direction in one of the coils, resulting in a magnetic

field !l1.
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The appl ied magnetic fields, are given by the following equations:

_ A ~[cosq>1_ B, [X]B j - B J -
- R sinq> R-y

(5.5)

The electrodes are at the angles +45° and _45°. For the flowmeters, the induced voltage between
these electrodes is given by

(5.6)

The change of the position of the electrodes increases the sensibility of the meter for eventual
asymmetric components in the profile and weakens the signal, measured between the electrodes.
But the induced voltage Uo still remains proportional to the mean velocity (: axisymmetrical
flow).

The following equations can be derived for Uo and UI:

Uo ex JJ v(x,y)dxdy ex v, and U l ex JJ r 2 v(x,y)dxdy (5.7)

Using the measured potentials Uo and u" the behaviour index can be found with the following
equation

with b= ~l
Bo

(5.8)

The induced signals of electromagnetic flowsensors contain information about the velocity
profile. As can be seen in equation (5.4), the velocity profile of power-law fluids doesn't depend
on the consistency index k. Therefore, it is not possible to derive this parameter with this
flowsensor.
An additional differential pressure sensor can be used to derive this parameter. This sensor can
measure the pressure drop !1p in a pipe section of the length L. With this information, the
following relation can be used to determine the shear stress 't:

When the shear stress is known, equation (5.3) and the already known value of the behaviour
index can be used to calculate the consistency index.

5.2.3 Discussion

The theory proposed in this article is very simple and quite easy to apply in practice. Good
results can be achieved with this method, especially when more electrodes are used.
Unfortunately, this method is restricted to power-law fluids and axisymmetrical flow profiles.
Thereby, still an additional sensor is necessary for measuring the consistency index.

The fact that the method is able to measure the behaviour index of power-law fluids is due to the
specific relation between this parameter and the velocity profile. The velocity profile of power
law fluids depends on only the two parameters, namely the mean velocity and the behaviour
index. For other fluids, for example Bingham plastics, this relation is more complicated. More
parameters have to be derived from measurements and new suited configurations for the
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magnetic field must be found. Whether these configurations will or can be found is still to be
seen.

The method is assumed to be only suited for axisymmetrical fluid flow. The relations, given by
the equations of(5.7) are only valid when axisymmetrical flow is considered. The sensitivity for
asymmetrical distortions in the profile can be decreased by increasing the number of electrodes
or magnetic fields. How to adjust the configuration in order to improve the measurements of the
mean velocity, has been described previous chapters. Two adjustments of the configuration of
the flowmeter, in order to improve the accuracy of the measurements of the behaviour index in
case of asymmetrical flow, are illustrated in figure 5-4. It must be noticed that both
configurations lead to a decrement of the sensitivity and efficiency of the flowmeter.

• = electrode = pole • = electrode = pole

I

Figure 5-4a: One solution to improve the

performance of the flowmeter for the

measurements of the behaviour index, is
to increase the number of electrodes.

Instead of using two electrodes, even 8

electrodes can be used as illustrated in

this figure.

5.3 Conclusions

Figure 5-4b: Besides increasing the number

of electrodes, a second magnetic field can

be added to the configuration of the
flowmeter. The possibility of a second

field is illustrated in this figure (dotted

line).

Based on the articles, concerning the application of electromagn :tic flowmeters for the
measurement offluid flow characteristics, the following conclusions call be drawn:

• Not much research has been done yet concerning the application of this kind of flowmeter
for measuring rheological parameters. The article shows how an electromagnetic flowmeter
can be used to measure one rheological parameter of for power-law fluids. However, to
determine the complete rheological behaviour of these fluids, still an additional flowsensor is

required. Furthermore, the usefulness for other non-Newtonian fluids is questionable.

• Concerning the reconstruction of velocity profiles one method seems promising but still

needs some additional attention.
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Conclusions and recommendations

6. Conclusions and recommendations

6.1 Conclusions

Unilever is a large supplier of consumer products as soups, sauces, detergents, etc. Therefore,

enormous numbers of packages (bottles, tubes, boxes, etc.) have to be filled. Depending on the

nature of the product, different kind of filling systems are used. An important part of this filling

system is its dosing mechanism. Today, most of Unilevers liquid mass-products are dosed based
on time.

In case of mass production profit can be made when the accuracy of the filling process is
increased. This can be achieved when a more accurate method is used for the controlling of the
valve. One method to control the valve is the use of a flowsensor combined with a controller.
The electromagnetic flowmeter is an interesting flowsensor for applications of UniIever for the
following reasons:

• They are able to measure fluid flow, without obstructing the flow and without using
moving parts.

• They have proved to be able to measure very fast changes in liquid flow.
• They have proved to be able to measure the mean fluid flow very well.

To get more insight in the behaviour of electromagnetic flowmeters the fundamentals of

electromagnetic flowmeters were studied. From this study, the following conclusions can be
drawn:

• The motion of many fluids, flowing through an electromagnetic flowmeter, is not affected
by the magnetic field.

• The reverse, i.e. charged particles affecting the magnetic field by their motion, can be
neglected also.

These conclusions apply for many products ofUnilever.
The relation between the induced potential at the electrodes and the velocity distribution over

the cross-section of the pipe can be described by a weight function. This weight function
depends on the confIguration of the flowmeter.

• Du ~ to characteristic features of this weight function, most electromagnetic flowmeters
will be able to measure the exact mean flow rate in case of axisymmetricaI flow profiles.

• The weight function is non-uniform. Due to this non-uniformity, local disturbances in the
velocity profile can be liable for considerable errors.

There are different types of electromagnetic flowmeters. One broad class has been selected for

further investigation. This group of flowmeters uses constant, homogeneous magnetic fields
and multiple electrodes. This group has the following advantages over alternative
electromagnetic flowmeters:

• The electrodes are in direct contact with the fluid. A better sensitivity and signal-to-noise
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Conclusions and recommendations

ration is expected compared to dry or insulated electrodes.
• Flowmeters with point electrodes are easy to fabricate and therefore tend to be less

expensive than other flowmeters with more complex electrodes.
• Flowmeters with homogeneous magnetic fields perform better in case of axisymmetricaI

flow and usually have a better signal-to-noise ratio than flowmeters with inhomogeneous
fields.

• Flowmeters with constant magnetic field excitation tend to be less complicated and
therefore less expensive than flowmeters with a time-varying magnetic field. The chance
of the skin-effect to occur is also less for d.c. meters.

To get more insight in the performance of th is class of electromagnetic flowmeters, two different
models have been derived. The dependence on the orientation of asymmetrical flow makes
mutual comparison of practical experiments difficult. Another advantage of a theoretical
approach, over a practical approach, is the fact that many different configurations can be
investigated. Concerning these models, the following conclusions can be made:

• The difference between these models is the way the mean velocity of the fluid flow is
derived from the induced signals at the electrodes.

• Due to the assumptions made when the models were derived, the exact performance of the
flowmeters in practice can not be determined with these models. Therefore, the theoretical
approach can only provide us with information about the relative improvements in
performance between different configurations or methods used to estimate the mean flow
rate.

Simulations were carried out to in order to get an idea of the relations between (i) the used
method for the simulations, (ii) the configuration of the flowmeters and (iii) the performance of
the flowmeters. The models were indicated as method SHERCLIFF and method ENGL. From
these simulations, the following can be concluded:

• Based on the performance, method ENGL is preferred over method SHERCLIFF.
• For method ENGL, adjusting the configurations in order to minimise the value of epsilon

improves the performance of the flowmeter compared to uniformly distributed electrodes.
However, when the number of electrodes used increases, the improvement becomes
smaller.

• For method ENGL, adding a second magnetic field to the flowmeter improves the
pe [formance of the flowmeter compared to uniformly distributed electrodes, However,

wnen the number of electrodes used increases, the improvement becomes smaller.

This report proved that an estimation of the relative improvement between different
configurations can be made based on simulations with the models. It is important, however, to
base these simulations on velocity profiles which are representative for the practical situation.
Furthermore, the trends identified in this report can be used to limit the number of simulations in
the future.
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Concerning the possibilities of electromagnetic flowmeters to measure fluid characteristics, the
following conclusions can be made:

• Not much research has been done yet concerning the application of this kind of flowmeter
for measuring rheological parameters. Possibilities for power-law fluids have been
investigated, but the usefulness for other non-Newtonian fluids is questionable.

• Concerning the reconstruction of velocity profiles one method seems promising but still
needs some additional attention.

6.2 Recommendations

Experiments should be carried out to identify the characteristics of the velocity profiles in
several filling systems. Furthermore, experiments with different liquids and one or two different
flowmeters should be done to collect information about the measure of accuracy for these
configurations. With this information, together with the characteristics of the fluid flow,
simulations should be performed with method ENGL to investigate the improvements between
different configurations. The trends derived in chapter 4 can be used to limit the number of
simulations.

Future developments in research after (alternative) electromagnetic flowmeters should be looked
at. This kind of flowmeter offers good opportunities for many different applications in the food
industry. Besides flowmeters with point electrodes and constant magnetic fields, flowmeters with
plate electrodes or time-varying fields might also become. Especially when the sensitivity and
efficiency of flowmeters with large insulated electrodes improves, this kind of flowmeter will
become very useful.

When alternative flowmeters become more popular, it will be wise to include these types in the
program EM_METER. The structure of this program is especially designed to make extension of
the program with alternative electromagnetic flowmeters easy. Only parts (single simulation
options) have to be programmed and the structure and sometimes whole functions of the already
programmed models can be used.

Besides looking at the possibilities of electromagnetic flowmeters for flow rate measurement, the
application of reconstruction of the velocity profile seems to be very promising. Developments
on this area should be watched too.
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APPENDIX A Fluid properties

In this appendix, an indication of the conductivity of some products ofUnilever is shown.

Flowmeters in practice require a minimum conductivity of the fluids. This minimum

conductivity is generally in the order of magnitude of severaIIlS/cm.

Tomato puree 11765

Boursin base 3226

Boursin aux Herbes 280

Philadel hia cheese 230

milk 9091

mix cheese/we (1 :2) 6897

mix cheese/we (1: I) 8000

Cold Cream UK 9

Cold Cream US 140

Hydro Nourishin 260

VPJ Creamy 120
Normal 50

White Diamonds 950

Spa Mask 210

Spa Eu 110rics 140

Spa Exhilarators 190

Table A-1': Electrical conductivity of several products of Unilever

I Source: URL-reports



APPENDIX B Derivation of the weight function

In this appendix, the derivation of the weight function is presented. Some of the equations are
used in chapter 2. In this appendix, these equations are labeled with the same number as is used
in chapter 2.

We start the derivation of the weight function with equation (2.7):

(2.7)

This Poisson equation determines, together with appropriate boundary conditions, the

distribution of the potential U from given distributions ofv and B. Using a vector identity

and using curl B = 0 (the magnetic field is not affected by induced currents in the fluid), results

111

(2.8)
I

Using electrodes at the positions,! i we collect the potential distribution U(x') at the pipe wall.

Using the Green's technique to solve the Poisson equation, this distribution is generally given by

a surface integral over the cross-section n of the pipe (Engl (1970), Schommartz (1974), Horner

et el. (1996)):

U(x')= ~ ~(!) f!!(,)x grad G("x')]dx<!v = ~ v, (B, ~~ -B, ~~) dxdy (29)

Here, G(,!, x') is a Green's function which is the solution of the Poisson equation and is given

by (Morse and Feshbach (1953))

(2.10)

(2.1 1)

This function fits the solution (over n) of the Poisson equation to the boundary conditions. In

our problem the boundary conditions are represented by the surface charges (: at x' ) responsible

for E so. This function uses boundary conditions, defined on a unit circle. Therefore we have to

normalise the pipe radius to unity. At the same time it is wise to use polar co-ordinates. This

leads to the following transformation:

for the co-ordinates x: ,! = ~ cosq> ,r sinq>J= r ei'i' , with 0 S r S 1,
to' the position of the electrodes: x' =lcosq> I ,sinq>' J= ei<p' .

Using this transformation, the Green's function becomes

G(,!,X' )= - 2~ InEei<p - ei<pr)= - 2~ In(rcosq> - cosq> I +irsinq> - isinq>'1
2

= - _I_In {r 2 cos 2 q> + COS
2 q> I + r 2 sin 2 q> + sin 2 q> I - 2 r cos q> cos q> , - 2 r sin q> sin q> I

27t ~

= - _I_In (r 2 - 2 cos(q> - q> ') + I
27t ~

II



APPENDIX 8 Derivation of the weight function

Applying the same transformation on equation (2.9)

U(X ') = Sf V= (B
x

[Sin<p 8G(r,<p) + cos<p 8G(r,<p )]
n 8r r 8<p

B [
8G(r,<p) sin<p 8G(r,<p)] d d

v cos<p - -- r r <p
. 8r r 8<p

and substitution of (2.11), with

8G(r,<p) 1 r - cos(<p _<p')
=

8r 7[ 1- 2rcos(<p _<p') + r 2

results in

and
8G(r,<p) 1 rsin(<p _<p')

=
8<p 7[ 1- 2 r cos (<p - <p ') + r 2

u~ ')= ~ Sf ()(B sin<p' - rsin<p + B rcos<p - COS<p' Jrdrd
<p 7[ n v= r,<p x 1-2rcos(<p _<p')+r 2 Y 1-2rcos(<p _<p')+r 2 y

(2.12)

On the right hand side, we see the z-components of the velocity profile, Vz, being multipl ied by

the function written between the two brackets. This function is the weight function W(r,<p).
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APPENDIX C Integration of the weight function

In this appendix, the relations (3.2) and (3.3) of chapter 3 are proved. These relations are:

When the applied magnetic field is given by B=[Bx,O], Wrrajec/oriel ex. sin(<p'). (3.2)

When the applied magnetic field is given by B=[O,By], W/rajec1oriel ex. COS(<p'). (3.3)

These relations will be proved by means of analytical integration of the weight function over the

parameter q> (for r = constant).

Prove for relation (3.2):

2

J
" sin<p 1 - r sin<p

By:W(r,<p): 1 ? 2 ( I)d<p
o + r - r cos <p - <p

Using the residu integration method, setting

/(r _ 7 _ dzl . _ ~ 1/ . 1 _ ~ , 1/
e -~, d<p - liz' sm<p - 2i (z- Iz)' sm<p - 2i (z - Iz')'

cos(<p -<p') = {ei(lP-lP') + e-i(lP-lP')} = ±{e-i(P'e/(P + eilP'e-ilP} = ±(%I + Zh)
results in

1_ 1 1/ r 1/
1 2

J" sin<p'-rsin<p 1 J2i(z - IZ')-2i(z- Iz) dz
- 2 d<p =-'j
n l+r -2rcos(<p-<p') n 1 2_ 2r (zl zl/) iz

+r 2 Iz' + Iz

1 z,2z-z-rzlz2 +z' dz -1 rZ'z2 +(1-z2)z-rz'
= -f 2 2 2 = -f 2 ? 2 dz

2ni (1 + r )zz' - rz - rz' iz 2ni z(rz - (1 + r )z'z + rz' )

poles:

z(rz 2-(1+r 2 )z'z+rz,2)=0

(1 +r2)z' ± J(r 2 -1)z,2
=

2r

= (1+r
2
)z'±(r

2
-1)z' =rz'Jz'l

2r Ir

We see that the integrand has three poles:

z, = 0, Z2 = rz', Z3 =zX

The poles z, = 0 and Z2 = rz' lie in the unit circle C:lzl= 1

For IzXI < 1 , this pole contributes to the intergrand.

When [zXI ~ 1 ,this pole is outside the unit circle and is of no interest.

r =10,1), Irl < 1 r is reel thus
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APPENDIX C

I
zl/I =tl
Ir Irl

Iz'l = k<r[ = Icosq> 1_ sinq>'1 = 1

Integration of the weight function

This means IZI:I> 1which is outside the unit circle and thus the pole is of no interest.

R
{

rzlz2 + (1- ZI2)Z - rz'} = rz lz 2 + (1- ZI2)Z - rz '
es ;'1 ;'1=, =r:' z(z - rz')(z - zlr)r z(z - zlr)r

z=r='

k

f!(z) dz =2niLRes!(z)
1=1 ===!

Together with the factor -lin in front of the integral

2

J
" sin q> I - r sin q>

Br:W(r,q»: 1+ 2 2 ( ,)dq>
o r - r cos q> - q>

this yields the desired result:

2"

fW(r,q> ) = 2n{-lin x-~, + z,)= -i· 2i sinq> I = 2 sinq> I

o

which proves relation (3.2).

Analogous to the the derivation of Bx follows the prove for By

2" 1

J cosq> I - r cosq>
B , : W(r, q> ): = - - --=2,--'--------.:...-- dq>

) 0 n 1+ r - 2r cos(q> - q>')

using,

ei<r =z, dq> =d%,sinq> = ~/z- ~),sinq>' = ~i(Z'- X,),
cos(q> - q> ') = {ei(lp-IP') + e -i(lP-IP')} = ~ {e -ilP' ei<p + ei1P 'e -i<p } = ~el, + z'I)

2 2 Iz Iz

results in
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APPENDIX C Integration of the weight function

J;r ! (Z' + 11) - ~ (z + 11)
- 1-j cos<p' - r cos<p 1 1Z / z' Z / z dz

-;;- " 1+ r' - 2rcos(q> -q>'l dq> =-; 1+ r' _ 2; (5S' - z/zl j;

1 z12 z + Z- rZ'z2 - rz'=-.1 J 2 2 dz2m z(rz- - (l + r )z'z + rz' )

poles: Zl =0, Z2 =rz', Z3 =zh

Z3 is outside the unit circle and thus the pole is of no interest. The residues of the other poles are:

Res {-rz,z2+(l+Z,2),Z-rz'}= -rz'z2+(l+z,2)z-rz' _ -rz' __~
=,~O z(z-rz')(z-Zh)·r (z-rz')(z-Zh)·r ;=0 - (rz,2{ -;').r - z'

-r(r 2 -1)Z,3
= =-z'

r(r 2 -1)Z2

Thus:
k

1f(z)dz = 27tiI~_~sf(z)
.1=1 .-./

1
Together with the factor + - in front of

27ti

J;r-f 1 cos<p' - r cos<p
B,: W(r,<p):= - - d<p

J 07t 1+r 2 -2rcos(<p -<p')

this yields the desired result:

which proves relation (3.3).
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APPENDIX D Minimising the value of epsilon

: programmed to find the value of ~<p (problem is l-dimensional)2
: programmed to find the value of ~<PI and ~<P2 (problem is 2-dimensional)

This appendix shows how the value of epsilon can be minimised for several configurations.
Based on the configuration of the magnetic field and the number of the electrodes, the
distribution of the electrodes is determined to derive the minimum value of epsilon. The
optimised configurations, presented in this appendix, have been used for the simulations in
chapter 4. In table 4-2, these configurations are indicated with the symbol E.

The method, described in chapter 4 is used. This method has been programmed in the following
files:
opt_erO.m
opt_erOb.m

The optimalisation of the following configurations is presented:

SHERCLIFF
SHERCLIFF
SHERCLIFF
SHERCLIFF

ENGL
ENGL
ENGL
ENGL

SHERCLIFF
ENGL

SHERCLIFF
ENGL

3
4
6

8

3

4
6

8

5
5
8
8

2

2

VIII
IX
X
XI
XII
XIII
XIV
XV
XVI
XVII
XVIII
XIX

Table 0-1: Configurations for with the distribution of the electrodes is derived in order the

minimise the value of epsilon (r = 0.91

2 See chapter 4 for the definition of L1q> and the definition of 'one' and 'two' dimensional, when the

milimisation of epsilon is concerned. These program-files make use of several functions of the program

EM METER.
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APPENDIX D

0.3625 [radl

0.3224

op erd31.mat

Minimising the value of epsilon

op erd31 .zoo

METHOD SHERCLIFF

Three electrodes and one magnetic field value of dO.g) as function of ~<p
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0.3725,0.6275. 1.3725, 1.6275 [radl

0.3725 [radl

0.2477

op erd41.mat op erd41 .zoo

METHOD SHERCLIFF

Four electrodes and one magnetic field value of dO.g) as function of Lo.lp

Zoomed view
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0.3125,0.5,0.6875, 1.5, 1.6875 [rad]

0.3125 [racll

0.1659

op erd61.mat op erd61 .zoo

METHOD SHERCLIFF

Six electrodes and one magnetic field value of dO.9) as function of ~<p

Zoomed view
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0.0718

0.1096

op erd82.mat

Minimising the value of epsilon

op erd82.zoo
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I METHOD SHERCLIFF

I Eight electrodes and two magnetic fields value of dO.9) as function of ~<p
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0.3725 [radl

90, 246, 294 [deg]

0.3675

op erx31.mat

METHOD ENGL

Three electrodes and one magnetic field value of dO.9) as function of 6<p

Zoomed view
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0.3725, 0.6275, 1.3725, 1.6275 [rad]

0.3725 [rad]

0.2477

op erx41.mat op_erx41 .zoo

Four electrodes and one magnetic field value of dO.g) as function of ~<p

/ '

Zoomed view

0.25

0.248

0.247 LI__-----=~,=_---~--____::_:
o. on o. oD

0.249

0.251

0252

t
r;(O 9)

METHOD ENGL

o '-_,,-"____:----,-'------'-----'--1
o 0.1 02 0.3 OA 0.5

15

05

'},
I

dO 9)

I
I-
i

____ fleD (x n rad) ____ flCD (x n rad)

XIII



APPENDIX D Minimising the value of epsilon

0.2971 [rad]

0.2975, 0.5, 0.7025, 1.2975, 1.5, 1.7025 [rad]

0.1623

op erx61.mat

METHOD ENGL

Six electrodes and one magnetic field value of g(O.9) as function of ~<p
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0.125 [radl

0.125, 0.375, 0.625, 0.875, 1.25, 1.375, 1.625,

1.875 [radl

0.1070

op erx82.mat

METHOD ENGL

Eight electrodes and two magnetic fields value of dO.9) as function of ~<p
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APPENDIX E Simulation results

This appendix contains the simulation results which have been used in chpater 4. The simulation
rsults are presented in plots like figure 4-1. These plots have been described in paragraph 4.2.
The plots are based on the following input data:
• Three velocity profiles: "Asym1", "Asym2" and "Spike";
• Two different mehtods: Method SHERCLIFF and Method ENGL (Model 1 and Model 2

in thesimulation program EM_METER);

• Eighteen configuration as presented in table 4-2.

The simulation output is presented in this appendix in a total of3x2xl8 = 108 plots

(3 = number of profiles, 2 = number of methods, 18 = number of configurations).
The output data of the simulations has been saved in 108 files. The specific files are shown
above each plot.

Each of the following pages contains a group of 6 plots. Above these plots, the used model
(Modell = SHERCLIFF, Model2 = ENGL) is shown and the name of the velocity profile
(ASYM 1, ASYM2 or SPIKE). The name of the file in which the data of the figure is stored has
the following form:

file name: <name profile> <"d" or "x"> <number of the used configuration>

The "d" or "x" indicates which method is used (d=SHERCLIFF, x=ENGL).
The number of the used configuration (i.e. ranging from 01 to 18) corresponds to the number of
the configuration in table 4-2.

xx
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approximations of the mean velocity for vz = vz(r,phi+ROT_PHI)

MODEL 1 ASYM1 position,[900 50 350 350]
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f} f} 1.05

t
0.8

t06

0.4

I I 0.9
0

0.2
0 2 4 6 2 4 6--. <prot [rad] --. <prot [rad]

asym1d05.mat asym1 d06.mat
1.15 1.06

1.1 1.04

[m/s] 1.05 [m/s]1.02
~

f}'V

t 095 t 098

0.9

0.85
0 2 4 6 2 4 6--. <prot [rad] --. <prot [rad]

[m/s11.0

f}

t 0.9

XXI



APPENDIX E Simulation results

approximations of the mean velocity for vz = vz(r,phi+ROT_PHI)
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approximations of the mean velocity for vz =vz(r,phi+ROT_PHI)
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approximations of the mean velocity for vz =vz(r,phi+ROT_PHI)

MODEL 2 ASYM1 Position,[250 5 350 350]
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approximations of the mean velocity for vz = vz(r,phi+ROT_PHI)
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approximations of the mean velocity for vz =vz(r,phi+ROT_PHI)
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approximations of the mean velocity for vz =vz(r,phi+ROT_PHI)
MODEL 1 ASYM2 position,[900 50 350 350]
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approximations of the mean velocity for vz =vz(r,phi+ROT_PHI)
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approximations of the mean velocity for vz =vz(r,phi+ROT_PHI)
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approximations of the mean velocity for vz =vz(r,phi+ROT_PHI)

MODEL 2 ASYM2 position,[900 50 350 350]
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approximations of the mean velocity for vz = vz(r,phi+ROT_PHI)
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approximations of the mean velocity for vz = vz(r,phi+ROT_PHI)
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approximations of the mean velocity for vz = vz(r,phi+ROT_PHI)
MODEL 1 SPIKE position,[900 50 350 350]
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approximations of the mean velocity for vz = vz(r,phi+ROT_PHI)
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approximations of the mean velocity for vz = vz(r,phi+ROT_PHI)
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approximations of the mean velocity for vz = vz(r,phi+ROT_PHI)
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I approximations of the mean velocity for vz = vz(r,phi+ROT_PHI)
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approximations of the mean velocity for vz =vz(r,phi+ROT_PHI)
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