(( )Science4CIeanEnergy

Grant agreement M. 764810

Science for Clean Energy

H2020LCR2017-RESCCRIA
Competitive lowcarbon energy

D6.2
Proof of concept laboratory demonstration of EIT
based sensingkin for well cap structures

WP6 ¢ Implementation of Novel Technologies
Due date of deliverable  31/08/2019 Month 24)

Actual submission date  16/10/2019(Month 26)

Start date of project 01/09/2017

Duration 36 months

Lead beneficiary UEF

Last editor Aku Seppanen

Contributors UEF ki JauhiainenMikko RasanenPetri Kuusela, Tuomo

SavolainenAkuSeppéanen)

Dissemination level Public (PU)

¢CKAa tNR2SOG KIFa NBOSAOSR FdzyRAy3dI FTNBY (GKS 9dzNRLISIHY
programme under grant agreement n@.64810




DeliverableD6.2 s

(( ) Science4CleanEnergy

Historyof the changes

Version Date Released by Comments
1.0 30092019  Aku Seppanen First draft completed
2.0 11-10-2019  Aku Seppéanen Final version
3.0 14-10-2019  Alberto Striolo, Review and minor editorial changes
Aku Seppéanen
4.0 15102019 Evghenia Final version and submission
Scripnic
¢clrofS 2F O2yGSyia
1 T oo 18 o £ [0 o I PP 4
1.1 GeNeral CONEXL......ccvvivieiieieeiiieiiiiiiuirieeiaren s s s s e e e e e e e e e e e e e eeeeeas 4
1.2 DeliverableobjeCtiVeS. ......cccoiviiieee e 4
2 Methodological approach............ccccoeeeiiiiiiiii 5
3 Summay of activities and research findings.............ooovvvvviviieeiiiiiiiiiiiiiiinnn, 8
3.1 Painted sensing skins in crack detection, planar geometries........... 8
3.2 Nonplanar (3D) SENSING SKINS........uuuruuiiiriiiiiiieeieee e e 10
3.3 Stretchable sensing skin for distributed strain monitoring.............. 12
3.4 Development of computational methods for image reconstructia...15
4 Conclusions and fUutUre StePS.......cccceveeeeiiiii e, 18
5 Publications resulting from the work described...........cccccceeiiiiiiiiiiiiinnnnn. 19
6 Bibliographical references............ooooiiiiiiiieii 20
PU Page2 of 19 Versionl.0



DeliverableD6.2 s

bSC'Gr*(,e_'LC,ﬁIE:Jntﬂel;—;y
YSe g2ZNR fAau

Structural healthmonitoring, damage detection, strain monitoringglectrical resistance
tomography,sensing skinconductive paintjnverse problems
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Acronyms Definitions

EITERT Electricaimpedancetomography/ Electrical resistance tomography
FE Finite element

FEM Finite elemenimethod

NLgPDPS Non-linear primalgdual proximal splitting
RGN Relaxednexact proximaGaussdNewton
SHM Structural healthmonitoring

TV Total variation

UEF University of Eastern Finland

Symbols Definitions

0, Regularization functional

Q, FEMbased forward model of ERT

[ Vector consisting of measured electric current data

Q Electric current through th&" electrode

Q Surface oK" electrode

L Number of the electrodes

0 Weighting matrix

n Outward unit normal

ié Spatial coordinate vector

S Electric conductivity

" Reference conductivity, or conductivity thie initial state

u Electric potential

TYﬁ Electric potential on th&" electrode

w Step length parameter in RGN algorithm
Computational domain

(0% Contact impedance of th" electrode
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1.1 General context

One of the main goals of S4CE is the assessmearivafonmentalrisks ingeo-energy sub
surface operations such as carbon capture and sequestration (C@®Juction of
unconventional hydrocarbons, and enhanced geothermal energy (EGT) produ&tiamg
these risks arethose caused byfugitive emissionsof fluids from subsurface. Because
practically d geoenergy operations use structures made of concrete and steel, the possible
emission risks are directly linked tturability of these materials and structuredoth in
operating and abandoned wells.

The S4CE work packagdrplementation of Novelechnologieds dedicatedbn developng

and testing new instruments famonitoring the wells used irgeo-energyoperations This
deliverable,D6.2¢ Proof of concept laboratory demonstration of EIT based sensing skin for
well cap structureseports the ations and resultof Task 6.2n WP6 ¢ Development of
sensing skin for geenergy applicationdn this task, thespecial focuss on monitoring the
integrity of concrete structures in wells usedgao-energyoperations

The novel tool developed in this research is thensing skin which uses electrically
conductive paint applied on the surface of a solid structure to monitor the health of the
structure. The electrical conductivity of the paint is imaged using a tomogrdpbhnique
referred to aselectrical resistance tomography (ERITsuccessful, the sensing skin will give
valuable information on the integrity of the structucgevealing, e.g., surface breaking cracks
and other damages on the structure.

While this eliverable describes the laboratory development and testing of the sensing skin
technique,its field siteimplementationwill be reported in the upcoming deliverabl&.4
andD77 of WP7.

1.2 Deliverableobjectives

This deliverable and associatethsk 6.2Development of sensing skin for gewergy
applicationsfocus on testing the sensing skin technique in laboratory studies, as well as
developing the computational methods required for the image reconstruction in practical
applications.

Electrical sensinga is a versatile tool, which is capable of imaging cracks and other damages
on solid surfaces (Hallgfi014), presence of Chloride ions (Seppanen, 2@hd)temperature
distributions (Rashetnia2017) In addition, similar techniques have also been showbe
sensitive tochangein the pHon the surface(Hou, 2007)and on the strain of the material
(Tallman2017). Many of these monitoring possibilities could potentially be used also in geo
energy applications, such as: rapid detectafrcracks in conate structures of geothermal
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wells, or detecting CORakages; high concentration of CO2 on a surface decrasdise pH,
andthuscould potentiallybe detected with an electric surface sensing system.

To identify the most promising applications of the sensing skthargeo-energy field, UEF
discussed with field site partners and other industrial representatiBssed on these
discussions, and on tH#&4CRdvisory boar@ @commendatiorin late 2018an emphasis was

put on developing a technique which could provide information on tledl faore integrity A
potential method for monitoring the il bore integritycould be one based on imagingahs

on surfaces of the metallic casingshe casings undgo thermal expansions during the
operations, and if the concrete structures around/between the casings fail, the induced
strains can cause permanent damage to the casigsthis reason, in addition tonsidering
crack detectiorapplications, we studi@whether painted sensing skins could also be used for
monitoring of spatially distributed stragnon solid surfaces.

The specific objectives of this deliveraklall addressed in Secti® are thus:

91 Laboratory testing of the painted sensing skins in laboratory conditions. The purpose
of these experimentswas to study the effects of different geometries, electrode
setups and paint materials on the reconstructions.

1 To develop the computational methods used in the image reconstruction so that the
sensing skin can be applied to surfaces of arbitrary {planar) shapesPreviously
only inaccurate twedimensional models have been used even for+4ptanar sensing
skins

1 Development of thetsetchable sensing skin for distributed strain monitoring

1 Speeding up the image reconstruction in ERT via development of computational
methods. This is an importartspect because before this work, the computation
times needed for aturate image reconstruction were too long for online monitoring
applicationsg especially irsensing skins applied targe scalestructures.

2 aSiK2R2f 23A0Ff I LILINRI OK

A sensing skin consists otlan layer of electrically conductive painthich isappliedon the
surfaceof a solid structureThe electrical conductivity of the paint layer is monitored by an
electrical imaging techniquejectrical resistance tomography (EB&scribed briefly below)

As ERT is capable of imaging the spatial distributiohexlectrical conductivity on the paint
layer, it can be used for inferringhysical/chemicatonditions on the surface. For example,
when applied toa surface of a concrete structuréf the concrete cracks, the paint layer
ruptures and the local decrease conductivity will be detectedrecent studies have show

that, in addition to monitoring crack@Hallaji, 2014)sensing skins can be used for detecting
the presence of Chloride ions (Seppanen, 2017) and imaging 2D temperature distributions
(Rashetnia2017).
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Figurelillustrates a typical measurement setup in ERT: A set of electrodes is attached on the
surface of the object, and using the electrodesset of current injections and potential
measurements are carried out sequentially. Each set of measurements is then used for
reconstructing the conductivity distribution within the target. This image reconstruction
problem is mathematically an-flosedinverse problent meaning that its classical solutions

are nortunique and highly intolerant to measurement noise and modeling errors; hence
reconstructing the conductivity requires special computational methods (Kaipio 2006).

pON-
electrode”

Figurel: Schematic illustration of a typical measurement setup in ERT. Electric currents (I) are injected through electrodes
attached on the perimeter of the object, and voltages (V) between electrodes are measured.

Here, it is worth nating that our measurement setup has a few properties that differ from a
conventional ERT setup:

1 Whilein other applications of ERT electrodes attached on the surface so that they
are in Ohmic contact with the material/structure of interest, in the sig skin
applications, the electrodes are not in contact with the solid structure of interest.
Instead, the sensing skin (i.e., the layer of paint) is applied on a surface of an
electrically resistive materia] such as surfacdry concreteg and the eletrodes are
only in contact with the sensing skin. If the substrate is conductiseexample, when
monitoring the surface of a steel pipe or wet concreteéhe surface needs to be
insulated by a nortonductive paint before applying the conductive paaydr.

1 Forthisreason, while practically all other applications aim at reconstructing the three
dimensionally distributed conductivity within the object of interest, in the sensing skin
application, the thickness of the sensing skin is only in the orderiabmetres, and
the imaging problem is essentially tvaddmensional.

1 Although in the schematic pictures Kigurel, electrodes are attached only in the
perimeter of the twedimensional target, the sensing skin application allows also the
use of internal electrodes, i.e. electrodes that are attached inside the area of interest.
Because the use of internal electrodes improves the resolution of ERT (Rashetn
2018), they were used in most of the experiments in this project.
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1 Instead of using current injections and potential measurementsare using a set of
potential excitations and current measurements. This minor difference is due to the
properties of thecommercial ERT device purchased for the project. In fact, this feature
improves the signalo-noiseratio of the measurements, since all ERT measurement
systems are limited by the maximum potential that can be applied to an electrode.

The most accuratenodel for the measurements in ERT, referred to as complete electrode
model, is of the forn{Cheng 1989)

t, 6 mh ie 1)

6 o —, Yhoie Qi plyieED 2)
” _é T[F] ‘lé\‘ . ZK 'Q (3)
QY G ie Qi plte (4)

where s is the electric conductivity is the electric potentialpn is the outward unit normal,
"X, ‘@and ¢, respectively, ar¢he potential current and contact impedance corresponding
to electrodeQ, and L is the number of the electrodes.

The image reconstructiois written in the form of a regularized leastjuares problem

, AOGET A O0Q, &# 0, (5)

wherel is a vector consisting of the measured electric current d&@g, isacomputational
model which maps the electrical conductivjtyto boundary currents. Here, mod#&p,, is
constructed byfinite element (FE) approximation of theoahel (£4); for details of RT-FEM,
see {auhkonen, 1999 Further,0 is a weighting matrix related tithe noise levebndo ,,

is the so-called regularization functionahich can be used for promoting priori known

features in the solution. Finally, the constraints of the optimization problem (, , )
are based on the fact that conductivity is a re@gative quantity, and on the assumption that
the conductivity of the sensing skin does not increasenftbe initial conductivity, . This

is a valid assumption in cases where sensingsskmused for imaging crackk the case of
strain imaging, conductivity changes can be posiivealcompressiofor negative(tension).

Note that the initialconductivity,  can be estimated on the basis of ERT measurements
taken once the sensing skin is instaltede., before cracks or strains emerge on the surface.

Figure 2 illustrates the FE meshes used in the mdidgl (i.e., constructing the forward
mapping’Q, ) corresponding to three geometries. One of the FEmssorresponds to a
planar sensing skin geomgtwith internal electrodes, and the other two meshes correspond
to non-planar geometries.
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Figure2: Finite element meshes used in the computational modelling of the ERT measurements with sensing skins. The red
lines indicate the locations of electrodes. A 2D geometry with twenty electrodes on the perimeter, and four interna¢slectrod
(left), and 3D geometries: sensing skin applied on five sides of a cube (middle) and on the surface of a pipe (right).

To testthe sensing skins experimentallg 32channel electrical tomography system was
purchased fronRocsold.dt (www.rocsole.com This device was used in all the experiments
described in Section Figure3 shows the measurement system and a measurement setup,
where a sensing skin is painted on a solid substrate.

applied on a substrate (right).

3{dzYYINE 2F | OQGAQGAGASE | YR NS

This section summarizes the research activities and the results of laboratory testing of the
sensing skin. Section8.1 and 3.2 consider crack detection applications in different
geometries, andSection 3.3 focuses ostrain imaging Finally, Section 3.4 describes the
development ofcomputational methods for image reconstruction

3.1 Painted sensing skins in crack deteatigplanar geometries

In the first experimental tests, a sensing skin was applied on a plexighessensing skin was
made of commercially available graphite paint that wamaypainted on the plexiglass.
Thirty-two electrodes were attached on the sengirskin; four of them were internal
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electrodes. The electrodes were connected to the thikyp channels of the ERT

measurement systemand they were all used in the measurements.

The cracks were made on the sensing skin synthetically by scratching the paint with a knife. A
total of six stages of cracking were creatéwure4 (top two rows) shows the evolution of

the crack pattern during the experiment. The thick black lines indicatdabetions of the
cracks. Note that these lines are drammthe photayraphs the actual cracks were extremely

thin, and barely noticeable visuyl

Figure 4 (bottom two rows) also shows the ERIMased, reconstructed conductivity
distributions corresponding to all six stages of cracking. The récatsd images are in a

very good agreement with the photographs showing the actual crack patterns. Although ERT
is not generally ahighresolution imaging modality, in this application, the accuracy is
adequate for localizing all the cracks on the surface

The resolution of the reconstructions is higher than in our previous publications (Hallaji, 2014,
Seppanen, 2017); the main reason for this improvement is the use of the new computational
methods (norsmooth TV regularization, see Section 3.4). The oreasent data from these
experiments was used for testing the computational methods that aimed, not only to
improving the resolution, but also to speeding up the reconstructions. Moreover, encouraged
by the results with the graphite paint in planar geomes; the same measurement system
was further used in the experiments in the nptanar geometries.
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Figure4: The top two rows showhmtograpls of a sensing skin applied on plekass.Sixstages of cracking are marked in
the photcs with with black linesThe two bottom rows illustrate thERTbased reconstructions corresponding to six stages
of cracking

3.2 Non-planar (3D)sensing skins

To extend the sensing skiachnique to norplanargeometries, vinich are often present in

real applications, the computational model was reformulated. That is, the FE approximation
of the model (I 4) was rewritten so that the computational domainfollows the surface of

an arbitrarily shaped objecEigure2 shows two such noplanar geometries.

The nonplanar sensing skins were tested both with numerical simulations and
experimentally.Figure5 shows the results of one simulation study. Here Hoeface of a
curved pipe was assumed to be covered by conductive paint, and a synthetic crack was
simulatedon it (Figureb, left). The reconstructed image of the conductivigygure5, right)
indicates the location of the crack with very good accuracy.
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Figure5: Numerical test of the noplanar (3D) sensing skin. Left: True conductivity disiohudf a sensing skin on the
cracked surface of a curved pipe. Right:l&3ed reconstruction of the conductivity.

For the experimental study, a graphibesed sensing skin was painted on the outer surface

of a plastic boxKigure6, left column). Five sides of the box were painted, and tHinty
electrodes were placed on it. Again, cracks were made on the sensing skin synthetically by
scratching the pmt. Four stages of cracking were considered. The segments of cracks
scratched between different stages are highlighted with different colours in the photographs
of Figure6 (first crack is drawn with red colour, the second with blue; the third and fourth
crack are marked with yellow and green colour, respectively). Note that the last two cracks
were on different side of the cube than the first two cracks

Figure6 (two rightmost columnslsoshows the reconstructions of the electrical conductivity
corresponding tall four stages of cracking. Again, all cracks are detected rather accurately.
Note herethat the reconstruction of the last stage of crackirggure6, bottom right) does

not showthe entire extent of the fourth crack only because of thew angle (part of the
crack is behind the cube). An animated visualization of the 3D geometry would reveal the true
shapes of all cracks on the surface.

Numerical simulations anthe experimental study suggest that the developed computational
tools for the 3D geometries are feasible and allow for monitoring of-ptamar surfaces.
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Figure6: Experimental test of the neplanar (3D) sensing skibeft columnPhotcs of a box with five of its surfaces covered
with sensing skirin the first photo, theed and blue linéndicate the locationsf the first twocracks scratched on the sensing
skin The yellow and green line in the second photo represent the third artth frack, respectively. The second and third
column illustrate theeconstructions of the sensing skin conductivitthase four stagesf cracking.

3.3 Stretchable sensing skifor distributed strain monitoring

This part of the research was started by tegtia variety of materials that could potentially
be used for strain monitoring. A suitable sensing skin material for this purpose should fulfil
the following requirements:

1 It should be electrically conductive, and its conductivity should keEerange suiable
for the ERT measurement system (to ensi@asible quality with the deviceurrently
used, the resistances between electrode painsuld be in the order of kiflohms).

1 It should be flexible, and easy to fix to a substrate surface.
1 It should respondo stretching by decrease of electric conductivity.

Many of the tested paint materials turned out to be either rRoonductive or too conductive.
One of the materials (a conductive rubber sheet) b#terwisesuitable electrical properties,
except that itsconductivity turned out beanisotropic¢ a feature, which might even be
beneficial in some cases, but because it also makes the interpretation of the data more
challenging, the material was discarded.

Finally, a suitable material for the stretchable sensing skin was rnmaldeuse, by mixing

graphite powder to a rubber painf{gure?, left). The condutivity of this mixture can be

controlled by choosing the portion of the conductive component, graphite powder, in the
mixture. Similarlyto the graphite paint, this paint mixture is easy to spread either by using a

brush or by spraying. Most importantiyhe series of tests carried out with stripes of the

flexible paint showed that the conductivity of the paigtindeed¢ OKI y3S&a gKSy |
stretched.
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Figure7: Left: hgredientsof a stretchale sensing skiyaphite powderand rubber paintRight: Stretchable sensing skin
applied on a (norwonductive) rubber sheet. Twenty electrodes are attached near the boundaries of the sensing skin.

To test the ability oERT to detect deformations of the flexible sensing skin, a lay#reof
paint mixture was applied on a naonductive rubber sheet. The first tests, where entire
sensing skin was stretched by grabbing it from opposite ends, did not yield reconstructions of
a very good quality; instead, multiple artefacts were observdati@éreconstructions, yet they

also showed somewhat strong conductivity changes due to stretching. The two major causes
of the artefacts turned out be: 1) the additional deformation of the sensing skin caused by
the compression causkby grabbing the sheefind 2) unstable contact impedances of the
electrodes caused by stretching of the conductive paint around them.

The former problem was avoided in the sequel, by avoiding the compression the sensing skin
in the stretching tests. The latter issuenstable ontact, required additional, application
specific development in the computational method$ie image reconstructin was written

in the form of a nortlinear difference imaging problem as(idmy) 2018) with a modification

that takes into account that # contact impedances of the sensing skiaychange from the
reference state when the sensing skin is stretched.

To test the sensitivity of the stretchable sensing skin to moderate deformations that are local,
the technique was tested with a setup showrHigure8. The photographs in the left column
correspond to two situations where the sensing skin was deformepldigingweights on it.

First, one platic weight (500 g) was placed in the top right corner; at the second stage,
another, identical weight was added in the bottom left corner. Taeonstructedimages
(Figure8, right column) show, at least approximately the locations of the weights. In both
locations, the reconstructed imagé@sdicatea decrease in conductivity.
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