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(57) Abstract: A method for determining the loca-
tion of an interface of interest (18, 20) in a target
domain (13), between a free volume (14) of a
flowable material and a solid material (11, 17) lim-
iting said free volume, the method comprising the
steps of providing a mathematical model (21) of
the target domain (13) determining, for a plurality
of pairs of electrode groups, a characteristic elec-
trical quantity proportional to the capacitance of a
capacitor formed by a pair of electrode groups; re-
ceiving measurements of the characteristic elec-
trical quantity for a plurality of pairs of electrode
groups; adjusting the mathematical model (21) so
as to reduce the differences between the measured
characteristic electrical quantities and those
defined by the mathematical model; and determin-
ing the location of the interface of interest (18, 20)
on the basis of the adjusted mathematical model.
According to the present in invention, the step of
adjusting the mathematical model comprises vary-
ing the location of the boundary surface (18) in or-
der to take into account, in determining the loca-
tion of the interface of interest (18, 20), possible
wear of the boundary surtace.
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METHOD AND APPARATUS FOR DETERMINING THE LOCATION OF
AN INTERFACE OF INTEREST, AND COMPUTER PROGRAM

FIELD OF THE INVENTION

The present invention relates generally to monitoring
industrial processes where liguids or, in more gen-
eral, any flowable materials flow or are stored in
pipes, vessels, or containers. In particular, the pre-
sent invention 1is related to solutions for monitoring
scaling in and/or wear of the surfaces of such pipes,

vessels, and containers.

BACKGROUND OF THE INVENTION

Contamination or so-called scaling 1is a well-known
problem which may occur in many different applications
in process industry. Scaling, often called also foul-
ing, means generally deposition or accumulation of un-
wanted material on the surfaces of pipes, vessels, or
other containers used for leading or storing flowable

materials.

As a result of scaling, an extra layer of solid mate-
rial is formed on such surface. Thereby, the free vol-
ume within the pipe or other container, open for the
presence of a flowable material, is changed. This can
lead to many problems. For example, changed shape of
the free volume causes disturbances to the fluid flow.
At least, the reduced cross-sectional area of the free
inner volume of a process pipe increases the flow re-
sistance through the pipe. In an extreme case, the
pipe can be entirely clogged, thereby stopping the en-
tire process at issue. In general, scaling is a common
problem in wvarious areas of process industry, causing
significantly increased operational costs and produc-

tion losses.
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Material formed on the surfaces of process equipment
by scaling must be removed from time to time. This can
be very burdensome. Particularly when the extra mate-
rial is formed by hydrocarbon bonding, it is typically
very hard and extremely difficult to remove by mechan-
ical processes. As an alternative to mechanical remov-
al, different softening and releasing agents have been
developed for various scaling materials. Instead of
removing the formed scaling material afterwards, it is
often more preferable to act proactively by preventing
the scaling. For example, different chemicals can be
used as scale inhibitors mixed with the flowable mate-
rial to control the formation of inorganic hard
scales. Use o0f such chemicals reduces the rate of
scale formation and modifies the structure of the
scale so that it 1is more easily removable. In any
case, 1in order to prevent dramatic problems e.g. due
to unexpected clogging of a process pipe, or to opti-
mize the use of scale inhibitors, one should be able
to monitor the scaling situation and its development

in time.

On the other hand, another problem occurring in vari-
ous industrial process equipment for leading and/or
storing flowable materials is the wear of the walls of
the pipelines and vessels. Wear may occur due to chem-
ically aggressive materials reacting with the surfaces
of the process equipment, but it can also result from
simple mechanical abrasion caused e.g. by sand con-
tained in a liquid flow. Similarly to scaling, also
wear changes the volumes and flow conditions within
the process equipment, and can thus affect adversely
the processes. In an extreme case, wearing through of
a wall of a pipeline or a vessel and the consequent
sudden discharge of the flowable material to the exte-
rior of the process equipment may result in severe ac-

cidents and high financial damages, and even injuries
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of persons. Similarly to scaling, also wear should

thus be able to be monitored continuously.

Wear may also occur simultaneously with scaling.
Therefore, it would be highly useful to have an effi-
cient solution capable of on-line monitoring of those

both phenomena.

In prior art, scaling and/or pipe wall wearing have
been monitored or diagnosed e.g. with camera-based
technigques, wherein a camera is installed in the pro-
cess equipment to be analyzed, with acoustic (typical-
ly ultrasound) methods, or by simple mechanical meth-
ods 1in which special intelligent test objects are
mounted onto the pipe walls. For example, EP 2115452
discloses as a specific example an apparatus and meth-
od for measuring scaling within a spiral wound mem-
brane by transmitting acoustic signal into a tube,
measuring the signal reflected from a material inter-
face inside the tube, and comparing the measurement
result with a reference signal from a known, clean

tube.

The ultrasound and test object techniques are practi-
cally point measurements, limiting severely the ap-
plicability of the techniques. In camera-based tech-
nigques, the process must often be interrupted to per-

form the actual monitoring steps.

At the moment, there is no reliable on-line monitoring
technique for detecting scaling and wear in an early
stage. In particular, there is no efficient commercial
solution available which could be used to monitor both

of those harmful phenomena.
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SUMMARY OF THE INVENTION

The purpose of the present invention is to provide an
improved method, as well as an improved apparatus, for
determining scaling and/or wear in industrial process-
es. It is also a purpose of the present invention to
provide a novel a computer program product for per-
forming said method.

The present invention is focused on a method for de-
termining the location of an interface of interest,
which lies in a target domain, between a free volume
of a flowable material and a solid material limiting
said free volume. The industrial process where the in-
terface of interest is to be localized may be any kind
of process where scaling and/or wear may be present.
These kinds of processes exist e.g. in o0il production
and refining, other o0il based industries, and energy

production, without limiting to these examples.

By “flowable material” 1is meant here any material
which can flow in a process pipe or in a vessel or
container. Such material can be in a liquid form but
can also contain more or less solid or gaseous sub-

stance(s) .

Examples of scale material in c¢il industry are bitumen
and asphaltene, and varicus scaling materials covered
by a common term “mineral scaling”. The latter com-
prises e.g. calcium carbonate and calcium sulphate
based compounds, the latter comprising e.g. gypsum. In
energy production, scaling can occur e.g. due to the
deposition of contaminants contained in water in sur-
faces of boilers. Water contaminants that can form

boiler deposits include e.g. calcium, magnesium, iron,

CA 2897144 2019-04-30
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aluminum, and silica. The scale is typically formed as

salts of these materials.

In the case of scaling formed in the target domain,
the solid material limiting the free volume, and thus
defining and limiting the interface of interest, may
be the scale material. Other situations are discussed

below.

The method of the present invention comprises the fol-

lowing steps.

First, the method comprises providing a mathematical
model of the target domain determining, for a plurali-
ty of pairs of electrode groups, the electrodes of the
electrode groups being arranged in capacitance meas-
urement connection with the target domain and support-
ed by a solid support body having a boundary surface
in the target domain, a characteristic electrical
quantity proportional to the capacitance of a capaci-

tor formed by a pair of electrode groups.

The target domain referred to above means a two or
three-dimensional area or volume under consideration

in the method.

In general, the mathematical model means a numerical
representation of the relationships between the physi-
cal material properties of the two or three-
dimensional target domain and the characteristic elec-
trical gquantity. Thus, the general purpose of the
mathematical model is to provide estimates of the val-
ues of the characteristic electrical quantity, which
values are determined by the material properties in

the target domain.
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The characteristic electrical gquantity can be any
electrical guantity which is proportional to or de-
pendent on the capacitance of a capacitor formed by a
pair of electrode groups. The capacitance measurement
connection between the electrodes and the target do-
main means that the electrodes are so connected to the
target domain that capacitance measurements, or at
least measurements of some characteristic electrical
quantity proportional to the capacitance of capacitors
formed by pairs of electrode groups, can be performed.
To implement this, for example, there should not be
any continuous electrically conductive body forming an
equipotential shield Dbetween the electrodes and the

target domain.

Being supported by the support body means that the
electrodes may be mounted on any surface of the sup-
port body, or may be partly or entirely embedded with-
in it so that they are possibly not in direct contact
with the exterior of the support body. The selection
of the most appropriate configuration depends, for ex-
ample, on the material of the support body which may
be formed of an electrically insulating or conductive
material. In the first case, the electrodes may be em-
bedded within the support body. In the case of an
electrically conductive support body material, the
electrodes should lie on a surface of the support
body.

The boundary surface means here a surface of the sup-
port body defining an interface between the support

A\

body and the extericr thereof. Location “in” the tar-
get domain means that the boundary surface belongs to
the two or three-dimensional target domain. In other
words, this definition covers both situations where
the boundary surface lies within the interior of the

two or three-dimensional target domain, and situations
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where the boundary surface coincides with the target
domain boundary, thus defining the boundary of the

target domain.

An “electrode group” means here one or more of the
electrodes. Thus, a capacitor under observation in the
method can be formed between just a pair of two elec-
trodes, but one or both of those single electrodes can
also be replaced by a group of at least two separate

electrodes.

The capacitance or some other capacitance dependent
electrical gquantity as the characteristic electrical
quantity to be measured is based on the fact that the
scale materials are typically electrically insulating
materials, also in the cases where the flowable mate-

rial itself may be electrically conductive.

The primary electrical quantity affecting the capaci-
tance 1s naturally the electrical permittivity in the
target domain. In other words, the capacitance, and
thus any electrical quantity proportional to the ca-
pacitance of a capacitor formed between and by a pair
of electrode groups, depend on the permittivity of the
material (s) within the target domain. Conversely, in
practice, the mathematical model preferably determines
also the permittivity in the target domain. This can
be determined as only one representative value, but
more preferably as the permittivity distribution in

target domain area or volume.

The method also comprises receiving measurements of
the characteristic electrical quantity for a plurality
of pairs of electrodes groups. “Receiving” means here
that the method of the present invention itself does
not necessarily comprise performing the actual meas-

urements, but that such measurements, i1.e. measured
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results, may be performed separately and just received
as a step of the method. This allows, for example, an
embodiment where the results of the measurements per-
formed at a measuring site are sent electronically to
an analysis site where the actual analysis and inter-
face of interest determination is carried out. On the
other hand, it is of course also possible to perform
the measurements and analysis integrally, e.g. using a
single analysis system comprising as well the elec-
trodes and appropriate measurement equipment as com-

puter means for performing the actual computations.

The measurements can be performed according to the
principles as such well known in the field of electri-
cal measurements, particularly in the field of elec-
trical capacitance measurements. Further details and
examples of possible characteristic electrical gquanti-
ties determined by the mathematical model and measured
by means of the pairs of electrode groups are dis-
cussed below in the detailed description section of

this specification.

After having received the desired number of measured
electrical quantity values, the mathematical model is
adjusted so as to reduce the differences between the
measured characteristic electrical quantity wvalues and
those determined by the mathematical model. This means
comparing the measured electrical quantity wvalues and
the corresponding simulated values determined by the
mathematical model, and changing the parameters of the
mathematical model so that the simulated wvalues be-
comes closer to the actual, measured ones so that the
primary electrical quantity, e.g. the permittivity,

has desired properties.

When sufficient consistency between the measured and

the simulated electrical quantity wvalues is achieved,
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the adjusted model representing the real target domain
is used as a basis for determining the location of the

interface of interest.

For example, when the model determines the permittivi-
ty distribution in the target domain, the adjusted
model provides a reconstruction of the true permittiv-
ity distribution in the target domain, and the deter-
mination of the location of the interface of interest
can be made on the basis of said permittivity distri-
bution determined by the adjusted model. This is one
preferred embodiment of the present invention. Abrupt
changes in the reconstructed permittivity can be con-
sidered as indications of the presence of an interface
between two materials, e.g. the flowable material in
the free volume and the solid scale material deposited
on the boundary surface. When the boundary surface
lies within the interior of the target domain, such
permittivity change can also indicate the location of
the boundary surface of the support body itself. OCn
the other hand, in the case of the boundary surface
coinciding with the target domain border, non-
existence of any clear permittivity chance can be in-
terpreted as no scale material having been formed on
the boundary surface. Thus, to summarize, in the meth-
od of the present invention, the interface of interest
can be as well the surface of a solid scale material

as the boundary surface of the solid support body.

The link between the actual surfaces of process equip-
ment under interest and the boundary surface is that
the suppocrt body and the boundary surface thereof are
considered simulating the true situation of scaling on
and/or wear of those actual surfaces. For good corre-
lation between the scale on and/or wear of the bounda-
ry surface, it is naturally preferable that the sup-

port body is formed of the same material as the actual
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process eqgquipment. For example, in the case of moni-
toring scaling in a process pipe formed of a particu-
lar metal, also the support body is preferably formed
of exactly the same metal composition. On the other
hand, in the case of an electrically conductive sup-
port body, the electrodes need to be in a direct con-
tact with the target domain. Thus, also the electrodes
are then preferably formed of the same electrically
conductive material as the pipe and the support body
so that scale forms, and/or wear occurs on the elec-
trodes similarly to the process pipe and the support

body outside the electrodes.

In practice, the comparison of the measured and the
corresponding simulated characteristic electrical
quantity wvalues, and changing the parameters of the
mathematical model 1is generally known as an inverse
problem or inverse calculation. Solving an inversion
problem is based on typically rather complex computa-
tional algorithms performed at least partly automati-
cally by means of suitable computation programs in-
stalled in a suitable processor. Several different al-
gorithms suitable for the present invention are known
in the art. Some of them are discussed in more detail
in the detailed description section of this specifica-

tion.

In general, the above process of providing a model of
the target domain, making capacitance-related measure-
ments, and adjusting the mathematical model so as to
reduce the differences between the simulated and the
measured electrical quantity wvalues, may be called
electrical capacitance tomography ECT. As one specific
field within the more general electrical tomography,
the principles, practical level implementation, and
different variations of the ECT are well known in the

art. In prior art, a typical example of utilization of
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ECT 1is imaging a multi-phase flow, wherein an image
showing the areas or volumes of different phases with-
in a material flow 1is generated. An example of this
kind of method and different practical issues involved
therein is discussed in US 7496450 B2.

Thus, at the general level, the basic idea of the pre-
sent invention concerns use of ECT to monitor scale
and/or wear in industrial process equipment where
flowable material is present. However, the method of
the present invention is not necessarily true tomogra-
phy in that a complete image showing the distribution
of the electrical quantity of interest in the target
domain is not necessarily generated. In some cases,
the interface of interest can be determined on the ba-
sis of the adjusted mathematical model comprising, in-
stead of complete electrical quantity distribution
throughout the target domain, Jjust some simplified
representation of the target domain and the interface

of interest therein.

As one very advantageous feature of the present inven-
tion, the above step of adjusting the mathematical
model comprises varying the location of the boundary
surface in order to take into account, in the step of
determining the location of the interface of interest,

possible wear of the boundary surface.

This feature 1is based on an observation by the inven-
tors that in an ECT or ECT-like process applied to in-
vestigate the presence of possible scale deposit on
the boundary surface, the estimates for the primary
electrical guantity are very sensitive to inaccuracies
in the geometry of the boundary surface. In other
words, the inventors have found that already very
small geometric mismodeling of the boundary surface

may lead to large errors in the estimated permittivity
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distribution. In practice, this may be seen in errone-
ously determined presence of scale material on the
boundary surface in a situation where, instead of any
scale, the +true boundary surface location has been
changed as a result of wear thereof. In addition, the
inventors have found that the effects of geometric
mismodeling and the influence of the underlying per-
mittivity distribution can be, to some extent, sepa-
rated from each other meaning that possible changes in
the boundary surface due to wear can be estimated to-
gether with the permittivity distribution. Therefore,
the target domain shall be defined with a high accura-
cy. Irrespective of that, significant errors may occur
if the boundary surface location is changed from the
initial one. In practice, this may be seen in errone-
ously determined presence of a thickness of scale ma-
terial on the boundary surface in a situation where,
instead of any scale, the true boundary surface loca-

tion has been changed as a result of wear thereof.

The principle in said varying of the boundary surface
is that in addition to the actual parameterization re-
lated to the electrical gquantity wvalues, also the
boundary surface location and/or geometry is varied in
order to find the mathematical model best matching the
measured results. In other words, both the parameteri-
zation of the shape of the boundary surface and the
parameters determining the characteristic electrical
quantity wvalues are varied simultaneously. This effi-
ciently reduces the possibility for error situations
decscribed above, and enables detection of the change
of the boundary surface location as a result of wear.
On the other hand, said detection of the true boundary
surface location enables the use of the method also
for applications, where the primary interest 1is not

scaling but wear of the boundary surface, the presence
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of scale deposit possibly being a secondary object of

interest or of no interest at all.

In the case of the boundary surface lying truly within
the interior of the target domain, said varying of the
location of the boundary surface comprises varying the
geometry of the support body portion within the target
domain. In the case where the boundary surface limits
the target domain, said varying comprises varying the

entire target domain geometry.

As known for those skilled in the field of electrical
tomography, a mathematical model used as a numerical
approximation of the target domain needs to be divided
in pixels (two-dimensional case) or voxels (three-
dimensional <case), each representing the physical
properties of the target domain at that particular lo-
cation. The denser is this discretization the more de-
tailed reconstruction of the target domain can be gen-
erated but, on the other hand, the more computational

power is required to solve the inversion problem.

In a preferred embodiment of the present invention, to
optimize the accuracy of the determination of the in-
terface of interest location and thus the scale situa-
tion and/or wear of the boundary surface, a discreti-
zation having a varying density, the density increas-
ing towards the boundary surface, is used. This can be
implemented e.g. by selecting one dense discretization
within a particular distance from the boundary sur-
face, and another coarser discretization elsewhere.
There can also be several different zones each having
a differently arranged discretization. The density of
the discretization can also vary continuously in the

target domain.
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The geometry of the support body supporting the elec-
trodes for the measurements of the characteristic
electrical guantity may vary depending on the applica-
tion at issue. In one embodiment, the support body
comprises a tubular body, the boundary surface being
the inner surface of the tubular body. In this embodi-
ment, the support body may be assembled as a part of a

process pipe.

As another example of a suitable geometry and configu-
ration, the support body may comprise a rod, the
boundary surface being the surface of the rod. As yet
another possible, the support body may comprise a
plate-like body, the boundary surface being one of the
two main surfaces of the plate-like body. By a main
surface of a plate-like body is referred to a body
having two substantially opposite surfaces, i.e. main
surfaces, at a distance from each other, and one (e.g.
in the case of a circular plate) or more side surfaces
connecting the main surfaces, the main surfaces and
the side surfaces defining the boundary of the three-
dimensional body. These geometries allow very flexible
placement of the support body and the electrodes in
the process equipment. In one particular embodiment
suitable for monitoring cylinder-symmetric processes,
the electrodes can be arranged as a series of ring-
like electrodes encircling the arm of the rod. With
these kinds of electrodes, a three-dimensional inver-
sion problem can be solved in two directions only: the
axial direction along the axis of the rod, and the ra-
dial direction. This simplifies the calculations of a

three dimensional system.

As already discussed above, the boundary surface may
limit the target domain, 1i.e. define the boundary
thereof. This apprcach is particularly useful for the

cases where the support body is formed of an electri-
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cally conductive material, e.g. a metal. Metallic sup-
port body can be used in high temperatures and pres-
sures, thus enabling wusing the ECT measurements in
various harsh environmental conditions. Alternatively,
the boundary surface may lie within the interior of
the target domain so that the target domain extends
behind the boundary surface. In this case, at least
part of the support body thus is included in the tar-
get domain. This arrangement is suitable with the use

of an electrically insulating support body.

In the above, the method has been described as being
focused on the actual computational steps only. Howev-
er, 1t is also in the scope of the present invention
to perform a method further comprising providing a
plurality of electrodes arranged in capacitance meas-
urement connection with the target domain, the elec-
trodes being supported by a solid support body having
a boundary surface in the target domain, and measuring
the characteristic electrical quantity for a plurality

of pairs of electrode groups.

According to a device aspect, the principles of the
present invention can also be implemented as an appa-
ratus for determining the location of an interface of
interest, in a target domain, between a free volume of
a flowable material and z solid material limiting said
free wvolume, the apparatus comprising at least one
memory, and at least one processor coupled with the at
least one memory; wherein the at least one memory com-
prises program code instructions, which when executed
by the at least one processor, cause the apparatus to
perform the steps described above 1in the context of

the method aspect.

The at least one memory and the at least one processor

may be implemented e.g. in the form of one or more
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computers, wherein suitable computer program code 1is

installed for performing the method steps.

Similarly to the method, it 1is a very advantageous
feature of the apparatus that the step of adjusting
the mathematical model comprises varying the location
of the boundary surface in order to take into account,
in the step of determining the location of the inter-
face of interest, possible wear of the boundary sur-

face.

All what is stated about the advantages, details, and
preferred features in the context of the method aspect
of the present invention above are applicable, mutatis
mutandis, also to the apparatus according to the pre-

sent invention.

In the above, the apparatus according to the present
invention is defined as comprising the computational
means only. The device aspect of the present invention
can also be implemented as a complete measurement sys-
tem comprising, in addition to such apparatus, also a
plurality of electrodes arranged in capacitance meas-
urement connection with the target domain, the elec-
trodes being supported by a solid support body having
a boundary surface in the target domain, and a meas-
urement apparatus configured to perform the measure-
ments of the characteristic electrical guantity for a

plurality of pairs of electrode groups.

Finally, the principles of the present invention can
also be implemented in the form of a computer program
comprising program code which, when executed by a pro-
cessor, causes the processor to perform the method of

as defined and described above.
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BRIEF DESCRIPTION OF THE DRAWINGS

In the following, the present invention is described
with reference to the accompanying drawings, wherein
Figure 1 shows a schematic cross-sectional view of an
electrically insulating support body with an electrode
arrangement;

Figure 2 shows a schematic cross-sectional view of an
electrically conductive support body with an electrode
arrangement;

Figure 3 is a flow chart illustration of a method for
determining scaling and/or wear in process equipment;
Figure 4 shows an example of discretization of a tar-
get domain in a mathematical model representing the
target domain;

Figure 5 shows a schematic side wview of another type
of support body with an electrode arrangement;

Figure 6 shows yet another type of support body with
an electrode arrangement; and

Figure 7 shows an example of a system for determining

scaling and/or wear in process equipment.

DETAILED DESCRIPTION OF THE EMBODIMENTS

Figure 1 shows a schematic cross-secticnal illustra-
tion of section of an electrically insulating pipe 1
forming a support body, on the outer surface of which
eight electrodes 2 are attached for performing meas-
urements of one or more capacitance-dependent electri-
cal quantities in a target domain 3 comprising the in-
ner volume 4 of the process pipe 1 as well as the pipe
wall. Thus, in the example of Figure 1, the boundary
of the target domain 3 coincides with the outer sur-
face of the pipe 1 and the inner surfaces of the elec-
trodes 2 thereon. Alternatively, the electrodes could

lie at least partly embedded in the pipe wall.
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The electrically insulating pipe 1 is surrounded by a
cylindrical metal sheath 5, comprising flanges 6 ex-
tending radially from the sheath to the outer surface
of the pipe 1. For performing the measurements, the
metal sheath and the flanges thereof are grounded (not
illustrated in the drawing) and serve as a screen to
isolate the system of the electrodes and the target
domain from its surrounding and to prevent the elec-
trodes from “seeing” each other directly via the exte-
rior of the electrically insulating pipe. In the ab-
sence of such flanges, also the material(s) between
the metal sheath 5 and outer surface of the pipe 1
would affect the capacitance-related measurements. In
such case, the target domain should extend to the in-
ner boundary of the metal sheath in order to take this

effect into account in the calculations.

The inner volume 4 of the pipe 1 is filled with a pro-
cess material flowing through the pipe. Scale material
7 in the form of solid deposit has been formed of the
substances included in the flowing material on the
pipe inner surface 8 forming a boundary surface of the
pipe inner volume 4, thereby changing the free volume
for the material flow. If continued, the scaling pro-
cess can even clog the pipe entirely, thus preventing

any flow through it.

As another change in comparison to the initial situa-
tion, the material of the electrically insulating pipe
1 has been eroded at one location of the pipe inner
surface 8 so that a slight recess 9 has been formed
thereon. Also the recess changes the flow conditions
within the pipe 1. In addition to chancing the flow
conditions, eroding can finally lead to Dbreaking of
the pipe as a result of wearing through of the pipe
wall.
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An alternative example of a measurement setup enabling
determination of scale and wear in a process pipe 1is
shown in Figure 2. As an essential difference in com-
parison to Figure 1, there is an electrically conduc-
tive process pipe 11 formed e.g. of some metal. In the
point of view of measuring capacitance-dependent elec-
trical gquantity wvalues, an electrically conductive
pipe necessitates the electrodes 12 being in a direct
contact with the pipe inner volume 14. In this kind of
situation, the target domain 13 in which the measure-
ments are to be made is limited by the electrodes and
the electrically conductive pipe inner surface 18 it-
self. Further, due to the electrically conductive ma-
terial of the pipe 11, each electrode is electrically
insulated from the pipe by means of thin electrically
insulating 15 layer located between the electrode and

the pipe wall.

Also in the situation of Figure 2, there is scale 17
formed on the pipe inner surface 18, and a wearing
process has eroded the pipe inner surface 18 and one
of the electrodes forming a slight recess 19 thereon.
Naturally, such recess could also extend to areas of

more than one electrode only.

In Figures 1 and 2, eight and ten electrodes, respec-
tively, have been installed on the pipes. However,
these are Jjust examples only, not limiting the ap-
plicability of the present invention to any number of
electrodes suitably configured to allow measuring ca-
pacitances or other capacitance-dependent electrical
quantities between the electrodes. Further, Figures 1
and 2 illustrate cross-sectional views of process
pipes and one electrode ring only, thus referring to a
two-dimensional target domain. However, it is possible

to measure and monitor a three-dimensional target do-
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main by arranging electrodes in several rings or lay-

ers along the axial direction of the process pipe.

In the following, determining the scale and wear with-
in process equipment such as the pipes of Figures 1
and 2 1s explained by reference to the flow chart of

Figure 3.

First, as an important step of the method, a mathemat-
ical model of the target domain is provided and stored
e.g. 1in the memory of a computer. Mathematical model
is built so as to comprise sufficient information to
determine capacitances or some other capacitance-
dependent electrical <gquantities Dbetween different
electrode pairs or pairs of electrode groups. The in-
formation required for such determination can comprise
e.g. the permittivity distribution within the target
domain 3, 13. In practice, the model is a numerical
repregentation of the physical target domain, the mod-
el including sufficient information about the material
properties within the target domain so that estimates
of the selected characteristic electrical gquantity
values to be measured by the electrodes can be deter-
mined on the basis of this information. The numerical
model is divided intc a plurality if discrete nodes or
cells, each representing that particular location
within the target domain. In the present invention,
the most interesting zone within the target domain is
the zone adjacent the process pipe inner surface 8, 18
forming a boundary surface of the free inner volume 4,
14 of the pipe. To enable sufficient accurate determi-
nation of scale and/or wear, the model 1is discretized
more densely in the areas close to this boundary sur-
face, and, 1in order to save computational power re-
quired, more cocarsely in the centre of the pipe inner
volume. An example of the geometry of a model 21, cor-

responding to the arrangement of Figure 2 with ten
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electrodes, and the discretization thereof is illus-

trated in Figure 4.

While the model gives an estimate of the true target
domain and the selected physical quantity (gquantities)
describing the material(s) in the target domain, also
information on the actual situation is required. This
is realized by receiving, 1i.e. measuring or receiving
readily-measured capacitances between groups of the
electrodes 2, 12. By group of electrodes is meant one
or more of the electrodes. For example, capacitance
can be measured between a first group of Just one
electrode and another group comprising e.g. two,

three, or more of the other electrodes.

The capacitance measurements can be performed accord-
ing to the principles known in the art. In general,
the field of ECT, the measurements are typically car-
ried out as follows. Voltage supply (e.g. 1in square-
wave, sinusoidal or triangular form) is applied to one
of the electrodes {(an excitation electrode) while the
other electrodes are grounded. Capacitances between
all electrode pairs are measured (in this example,
each “group” of electrodes comprises just one single
electrode). The capacitance measurement is repeated so
that each of the electrodes 1is used as an excitation
electrode. Therefore as a general rule, if there are N
electrodes in the measurement system, N*(N-1)/2 inde-
pendent capacitance values are obtained. Capacitances
depend on the permittivity distribution in the target
domain. Permittivity distribution of the target domain
can then be estimated based on the set of the capaci-
tance measurements. On the basis of the permittivity
distribution, behaviour and/or some physical guanti-

ties of the underlying process can be investigated.
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Though capacitance is used as the electrical quantity
to be measured in the exemplary process of Figure 3
and the description above, it 1s important to note
that any other electrical quantity which 1is propor-
tional to capacitance, 1i.e. any capacitance-dependent
electrical quantity, can also be selected to be used

in the measurements and in the calculations.

For example, measuring a capacitance means usually
supplying a voltage to charge the capacitor, and meas-
uring the current when the capacitor is discharged. In
practice, the permittivity of a material is generally
a complex valued gquantity, thus having both a real and
an imaginary portion. When observed in AC conditions,
a complex permittivity of a material affects both the
amplitude and the phase of the discharge current.
Measuring only the amplitude gives information on the
real part of the permittivity only, whereas the phase
information links the measurement to the complex por-
tion of the permittivity. As an alternate to the com-
plex permittivity, one could also talk about complex
capacitance. As an interesting issue, 1f both the
phase and amplitude information of the supplied and
measured signals are taken into consideration, also
the electrical conductivity distribution within the
target domain can possibly be estimated. When phase
information is to be measured, sinusoidal supply volt-

age is preferably used.

When the required measurements are received, the ca-
pacitances or other capacitance-dependent electrical
quantity wvalues determined by the model are compared
with the measured results, and the model, i.e. its pa-
rameters, 1is adjusted so that the difference between
the modelled and measured values 1is decreased. The
goal is to find a permittivity distribution within the

target domain for which the numerical model outcome
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corresponds closely to the measurements. In this com-
parison and adjustment, principles and algorithms as
such known in the field of ECT and inversion mathemat-
ics can be used. For example, when generating a com-
plete reconstruction of the permittivity distribution
within the target domain, image reconstruction algo-
rithms may generally be non-iterative or iterative al-
gorithms. Among the first algorithm group, one simple
and fast algorithm is the Linear Back-Projection (LBP)
algorithm. In the LBP method, the relationship between
the capacitance and permittivity distribution can be

approximated in a linear normalized form as:

B=SX (1)

where B is a normalized capacitance vector, $§
is a transducer sensitivity matrix (normalized capaci-
tance with respect to normalized permittivity), and X
is a normalized permittivity vector. The task in the
analysis is to find out X, while B is known and 8§ is

predetermined as desired.

It should be noted that the permittivity of the pipe
wall can be regarded as an unknown parameter to be es-
timated but usually its geometry and permittivity wval-
ue are at least approximately known and this infor-

mation can be used in the image reconstruction.

As an essential feature, in the step of adjusting the
mathematical model, the location of the boundary sur-
face is varied. The purpose of this varying is to take
into account the possible wear of the boundary sur-
face, i.e. the change of its location. Thus, the prin-
ciple is to parameterize the boundary of interest and
estimate the boundary parameters simultaneously with
the actual permittivity distribution. This approach

relies on the observation by the inventors that both
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the geometry of and permittivity in the target domain
affect the ECT measurements and their effects are (at
least to some degree) orthogonal to each other. The
varying and estimation of the target domain shape pa-
rameters and the permittivity distribution may be
based on a Bayesian inversion approach in which a sta-
tistical model is constructed for the effects due to
the variations in geometry. In the following, this is

discussed in more detail.

In general, the key step in the ECT image reconstruc-
tion comprises building a feasible numerical model of
the system under inspection. The model gives the rela-
tions between the permittivity distribution and the
mutual capacitances of the electrode configuration.
With the aid of this model, the goal is to determine
an estimate for the permittivity distribution so that
the modeled capacitances are 1in close agreement with
measured ones. In the Bayesian inversion approach the
permittivity distribution and observed data are mod-
eled as random variables, and the objective is to de-
termine the probability density function of the per-
mittivity distribution conditicned over the measure-
ments. Measurements do not usually provide sufficient
information so that a unigue solution would exist;
therefore, it is necessary to employ appropriate prior
densities for e(x). In the scaling and wearing deter-
mination, the objective 1s to determine the location
of the interface of interest, i.e. the boundary of the
scale or the boundary surface of the support body, and
thus it 1s appropriate to employ prior models that
preserve the edges that exist in the actual permittiv-
ity distribution. Examples of suitable non-parametric
“edge-preserving” prior models are the total variation
prior and specially designed Gaussian prior. Depending
on the application and the target to be imaged, it can

be advantageous to use parametric models to describe
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the target. The parametric model is chosen so that it
can describe rapid spatial changes in the permittivity

distribution.

Statistical properties of the measurement noise affect
the quality of the reconstructed images, and with the
Bayesian approach the statistics of the measurement
noise can be modeled and accounted for in computa-
tions. The numerical model needed in the ECT imaging
is an approximation of the actual behavior of the
measurement system. At least the model suffers from
inaccuracies due to numerical approximation of the
governing continuous mathematical model. In addition,
the system modeling may be challenging because the ge-
ometry 1is not usually perfectly known due to mechani-
cal tolerances of the manufacturing. Furthermore,
small changes in external measurement conditions (re-
sulting e.g. to dimension changes due to thermal ex-
pansion) may lead to additional errors in the estimat-
ed permittivity distributions since their effects are
not directly related to the used model. The effects of
these types of modeling uncertainties can be, to some
extent, compensated using an approximation error ap-
proach in which a statistical model is constructed for
the effects of the model uncertainties using numerical
simulations. Bayesian inversion approach is a natural
framework for incorporating information on model er-

rors into image reconstruction.

The goal in the Bayesian inversion is to determine the
probability density function of the primal guantity
conditioned over observations. In practical applica-
tions, it is usually necessary to determine some point
estimates to give a concrete view of the situation on
the ECT sensor. The computation of point estimates
typically leads to optimization problems which are

solved using the Newton’s method or the Gauss-Newton
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method. Alternatively, another popular point estimate
is the (conditional) expected wvalue which is usually
sought using sampling-based integration methods such

as the Markov Chain Monte Carlo methods.

After adjusting the mathematical model so that a suf-
ficient consistency between the measurements and the
model exists, the location of the interface of inter-
est in the target domain, i.e. the boundary surface 8,
18 or the surface 10, 20 of a scale material 7, 17
thereon 1is determined on the basis of the adjusted
model. In practice, this is typically determined on
the basis of some discontinuities in the values of the
electrical guantities determined by the model, such as
the permittivity. The lack of any such discontinuity
results in determination of the boundary surface as
the interface of interest. This kind of situation 1is

an indication of no scale on the boundary surface.

The support body, such as the pipes 1, 11 of figures 1
and 2 do not necessarily belong to the actual process
equipment to be monitored, but may be provided in the
form of a separate measurement probe located in the
process equipment. In order to ensure sufficiently
similar behavior of the support body and the actual
process equipment itself, and thus the reliability of
the scale/wear determination on the basis of monitor-
ing scale on and/or wear of the support body, the sup-
port body is preferably formed of the same material as

the actual process equipment.

To summarize, the method illustrated in figure 3 pro-
vides a reliable way to determine the presence of
scale and/or wear in process equipment. Also the rate
of scaling and/or wear can be determined when the in-
version problem is solved over time by using sequen-

tial measurements.
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In cases where scaling or wear in a process can be as-
sumed to be uniform (e.g. when the scale material de-
posits uniformly onto the walls of a pipe or a vessel
walls), 1t 1is possible to reduce the computational
cost of the method by taking advantage of symmetry.
Figure 5 shows a rod 31 forming a support body, and an
electrode configuration wherein a plurality of ring
electrodes 32 is mounted on the surface 38 of the rod-
shaped support body. Potential fields generated by
ring-like electrodes are cylinder-symmetric. Thus, a
Finite Element Method (FEM) approximation used to mod-
el the target domain can be formulated in two dimen-
sions (axial and radial) only, which reduces the com-

putational complexity remarkably.

As yet another alternative, the support body can be
formed as a simple plate-like body 41, as i1s the case
in the measurement probe 40 shown in Figure 6. The ex-
emplary measurement probe 40 of Figure 6 is configured
to be installed through a wall of a cylindrical wvessel
so that the actual support body 41, having a plurality
of electrodes 42 thereon, faces towards the interior
of the wvessel. The backside of the measurement probe
comprises connectors 46 for connecting the electrodes
42 to appropriate measurement electronics. In the ex-
ample of Figure 6, there are electrodes 42 with dif-

ferent sizes.

The boundary surface 48 of the support body is shaped
curved so as to coincide with the inner surface of the
wall of the cylindrical vessel. Naturally, the bound-
ary surface of a plate-like support body could also be
planar or have gome other non-planar shape than the
curved one shown in Figure 6. Also, it is to be noted

that the thickness of a “plate-like” support body can
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vary according to the conditions of the actual appli-

cation at issue.

Figure 7 illustrates schematically a system 50 by
which the method as described zbove can be carried
out. In the operational core of system, there is a
computer 51 comprising an appropriate number of memory
circuits and processors for storing the mathematical
model and performing the computational steps of the
method. The system further comprises a measurement
electronics unit 52 and a measurement probe 53 com-
prising an annular support body and a plurality of
electrodes. The support body and the electrodes can be
configured e.g. according to those illustrated in Fig-
ure 2. The measurement electronics unit 1is connected
to the computer so that the measurement electronics
unit can be controlled by the computer and that the
measurement results can be sent to and received by the
computer for further processing. The computer compris-
es a program code configured to control the computer
to carry out the steps of the method as described
above. As a result of the method performed by the sys-
tem, an image 54 of the target domain is generated on
the basis of the reconstructed permittivity distribu-
tion within the target domain inside the annular sup-
port body of the measurement probe 53. The image shows
the scale on and the wear of the support body boundary

surface.

It is obvious to a person skilled in the art that with
the advancement of technology, the basic idea of the
invention may be implemented in wvarious ways. The in-
vention and its embodiments are thus not limited to
the examples described above; instead they may freely

vary within the scope of the claims.
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CLATIMS

1. A method for determining the location of an interface
of interest (18, 20) in a target domain (13), between a
free volume (14) of a flowable material and a

solid material (11, 17) limiting said free volume, the

method comprising the steps of:
- providing a mathematical model (21) of the

target domain (13) determining, for a plurality

of pairs of electrode groups, the elec-

trodes (12) of the electrode groups being ar-

ranged 1in capacitance measurement connection

with the target domain and supported by a solid

support body (11) having a boundary surface (18)

in the target domain, a charac-

teristic electrical quantity proportional to

the capacitance of a capacitor formed by a pair

of electrode groups;

~ receiving measurements of the characteristic

electrical quantity for a plurality of

pairs of electrode groups;

- adjusting the mathematical model (21) so as

to reduce the differences between the measured

characteristic electrical quantity values and

those determined by the mathematical

model; and

— determining the location of the interface of

interest (18, 20) on the basis of the adjusted

mathematical model;

wherein the step of adjusting the mathematical

model comprises varying the location of the boundary

surface (18) in order to take into account, in determining
the location of the interface of interest (18, 20), wear

of the boundary surface.

A method as defined in claim 1, wherein the mathe-
matical model (21) is discretized into a plurality of

discrete elements each representing one discrete loca-
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tion, the discretization having a varying density, the

density increasing towards the boundary surface (18).

3. A method as defined in claim 1 or 2, wherein the 5
support body comprises a tubular body (1, 11), the
boundary surface being the inner surface (8, 18) of the

tubular body.

4. A method as defined in claim 1 or 2, wherein the 10
support body comprises a rod (31), the boundary surface

being the surface (38) of the rod.

5. A method as defined in claim 1 or 2, wherein the
support body comprises a plate-like body (41), the 15
boundary surface being one of the two main surfaces (48)

of the plate-like body.

6. A method as defined in any one of claims 1 to 5, wherein

the boundary surface (18) limits the target domain.

7. A method as defined in any one of claims 1 to 5, wherein
the boundary surface (8) lies within the interior of the

target domain (3).

8. An apparatus for determining the location of an in-
terface of interest (18, 20), in a target domain (13},
between a free volume (14) of a flowable material and a
solid material (11, 17) limiting said free volume,
the apparatus comprising at least one memory (51), and at
least one processor (51) coupled with the at least one
memory; wherein the at least one memory comprises program
code instructions, which when executed by the at least one
processor, cause the apparatus to perform
the following steps:

- providing a mathematical model (21) of the

target domain (13) determining, for a plural-

CA 2897144 2019-04-30
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ity of pairs of electrode groups, the electrodes
(12) of the electrode groups being arranged in
capacitance measurement connection with the
target domain and supported by a

5 solid support body (11) having a boundary
surface (18) in the target domain, a charac-
teristic electrical quantity proportional to the
capacitance of a capacitor formed by a pair of
electrode groups;

10 - receiving measurements of the characteristic
electrical quantity for a plurality of pairs of
electrode groups;

— adjusting the mathematical model (21) so as to
reduce the differences between the measured

15 characteristic electrical quantity values
and those determined by the mathematical model;
and

- determining the location of the interface of
interest (8, 20) on the basis of the adjusted
mathematical model;

wherein the step of adjusting the mathematical
model comprises varying the location of the boundary
surface (18) in order to take into account, in determining

the location of the interface of interest

25 (18, 20), wear of the boundary surface.

9. An apparatus (50) as defined in claim 8, wherein the
mathematical model (21) is discretized into a plurality
of discrete elements each representing one discrete

30 location, the discretization having a varying density, the

density increasing towards the boundary surface (18).

10. An apparatus as defined in claim 8 or 9, wherein 35
the support body comprises a tubular body (1, 11), the
boundary surface being the inner surface (8, 18) of the

tubular body.

CA 2897144 2019-04-30
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11. An apparatus as defined in claim 8 or 9, wherein the
support body comprises a rod (31), the boundary surface being

the surface (38) of the rod.

12. An apparatus as defined in claim 8 or 9, wherein the
support body comprises a plate-like body (41), the boundary
surface being one of the two main surfaces (48) of the plate-
like body.

13. An apparatus as defined in any one of claims 8 to 12,
wherein the boundary surface (18) limits the target domain

(13) .

14. An apparatus as defined in any one of claims 8 to 13,
wherein the boundary surface (8) lies within the interior

of the target domain (3).

15. A computer program product comprising a computer
readable memory storing computer executable instructions
thereon that when executed by a processor (51), causes the

processor to perform the method of any one of claims 1 - 7.

CA 2897144 2019-04-30
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Providing a mathematical model! of the target
domain, determining capacitances between groups
of electrodes in a measuring connection with the
target domain and supported by a support body
having a boundary surface in the target domain

A4

Receiving measurements of capacitances
between such groups of electrodes

A 4

Adjusting the mathematical model 80 as to
decrease differences 1o the measurements

Varying the boundary surface location for
for finding the target domain geometry best
matching the measurements

|

Determining the location of the interface of interest
on the basis of the adjusted mathematical model
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