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SSM perspective

Background

As the nuclear power plants are ageing, it is important to verify that
every component installed can function safely in the intended environ-
ment. Cables are among the most common components in a nuclear
power plant and are required to function during normal operation as
well as in the event of an accident. There is a need within the nuclear
industry for methodologies which can facilitate on-site measurement

for condition monitoring, while having the capability to provide non-
destructive in-situ measurements of cable insulation material. Therefore,
the aim of this study has been to evaluate if a portable Nuclear Magnetic
resonance (NMR) sensor can be constructed for assessing cables and if
the prospect exists for assessing the structure profile of a cable.

Results

Portable NMR sensors have never before been constructed for the
purpose of evaluating cables. Construction and design of such sensor

is therefore state-of the art and a tremendous engineering challenge
due to the complex structure of cables. In this report KTH presents
extensive simulations made with Comsol Multiphysics, investigating two
different magnet system arrangements and the radiofrequency excita-
tion system. These simulations studies have been used for the develop-
ment of a state-of the art working prototype of the portable NMR sensor,
which has been named prototype N1. The prototype has been evaluated
by testing on a range of different cables, supplied by Forsmark AB and
Ringhals AB. Results indicate that the prototype has the capability to
measure the insulation material of unshielded cables (no steel armour
surrounding the cable). However, evaluating cables with a shielding is
far more a challenge, as the shielding material strongly suppresses the
magnetic field and reduces the chance of recording any NMR signal.
The engineering challenge for future project will therefore be to inves-
tigate the effects from shielding, and hopefully find an engineering
solution that can provide sufficient capability for NMR experiments. It
has also been demonstrated that the relaxation times, recorded by the
prototype N1, correlate to an extent with mechanical parameters such
as strain at break and indenter modulus. The study shows so far, that the
constructed NMR prototype (N1) can be a possible method for investi-
gating material deterioration in cables.

Relevance

The results obtained in this study show that the developed portable
NMR sensor, prototype N1, can be used as a non-destructive method

to evaluate the condition of commercial cables. Further development

of this method would provide data that could be analysed and used to
better understand the ageing mechanisms of cables in nuclear power
plants. Furthermore, the data could provide knowledge of safety margins,
adding valuable information to maintenance programs and achieving
safe operations.
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Need for further research

The developed technique is not mature and requires further critical
evaluation. Foremost the effects caused by cable shielding material
(either Aluminium or Stainless steel) need to be addressed and solutions
have to be developed.
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Sammanfattning

Projektet  (SSM2016-1297)  mojliggjordes  genom  ett  forskningsbidrag  fran
stralsdkerhetsmyndigheten (SSM). Syftet med detta projekt har varit att utviardera mojligheten
att utforma och bygga en icke-forstorande analysmetod for utvdrdering av kablar i svenska
karnkraftverk. Kablar dr bland de vanligaste komponenterna i ett kdrnkraftverk och maéste
fungera under normal drift och i hindelse av en olycka. Dérfor finns det ett behov att kunna
utvdrdera kablars tillstdind och uppna en driftsdkermiljo. Syftet med denna studie har varit att
utvidrdera om en portabel kdrnmagnetisk resonans (NMR) sensor kan konstrueras for att
bedoma kablar, och om det finns mojligheter att bedoma en kabels strukturprofil. Enligt var
vetskap har inga portabla NMR-sensorer tidigare konstruerats for utvédrdering av kablar.
Konstruktion och design av en sddan sensor dr dérfor unik och en enorm teknisk utmaning pé
grund av kablarnas komplexa struktur och resulterande effekt pé sensorns magnetfilt.

Vi har utfort omfattande simuleringar inom Comsol Multiphysics for att utvdrdera olika
prototypkonstruktioner. I alla simuleringar antog vi att kabeln dr fysiskt tillgdnglig fran alla
sidor men forblir intakt under testerna. Forst simulerade vi det statiska magnetféltet och dess
fordelning som kan uppnas efter att ha ordnat magneter med olika geometrier runt kabeln. De
viktiga parametrarna var styrkan (gynnsam: sa hog som mdjligt ndra den konduktiva ledaren)
och homogenitet. Detta dr framforallt viktigt for att kunna mojliggéra métning av polymera
isolationsmaterial som omger en kabels konduktiva ledare. Den andra gruppen av simuleringar
bedomde penetrering och distribution av radiofrekvensfilt (rf)-fdlt i kablarna fran rf~spolar. Vi
finner att (i) i oskdrmade kablar ar r/~falten hoga och forstérkta i ndrheten av kabelns konduktiva
ledare (ii) i skdrmade kablar ddmpas rf-filten till opraktiskt laga nivder. Darfor ar vér
sammanfattande beddmning att i oskdrmade kablar dr det mojligt att géra de dnskade NMR-
experimenten och kunna genomfora dem med tillrdcklig kvalitet.

Baserat pa resultat fran simulationsstudierna konstruerades en portabel NMR-sensor (prototyp
N1). Prototypen har utvdrderats genom att testas pd en rad olika kablar, levererade av Forsmark
AB och Ringhals AB. Resultaten indikerar att prototypen har fOrmagan att mita
isoleringsmaterialet for oskdrmade kablar (ingen stalskdrmning omger kabeln). For att fa en
bittre forstaelse frdn de uppméitta NMR-relaxationstiderna, T> och jamfora dessa resultat med
vél etablerade parametrar. S& utvirderades kablar med mekaniska testmetoder sasom
dragprovning och hérdhetsmétning (indenter modul).



Summary

The project (SSM2016-1297) was made possible by a research grant from the Swedish radiation
authority (SSM). The purpose of this project has been to evaluate the possibility of designing
and building a non-destructive analysis method for evaluating cables in Swedish nuclear power
plants. Cables are among the most common components in a Nuclear power plant and are
required to function during normal operation and in the event of an accident. Therefore, there
is a need for the ability to monitor the condition of cables and achieving safe operations. The
aim of this study has been to evaluate if a portable Nuclear Magnetic resonance (NMR) sensor
can be constructed for assessing cables and if the prospect exists for assessing the structure
profile of a cable. To our knowledge, no portable NMR sensors has never before been constructed
for evaluating cables. Construction and design of such sensor is therefore state-of the art and unique,
although a tremendous engineering challenge due to the complex structure of cables.

We have performed extensive simulations within Comsol Multiphysics in order to evaluate the
expected performance of NMR experiments for assessing the state of polymeric material
components adjacent to the conductor. In all simulations we assumed that the cable is
physically accessible from all sides but remain intact during the tests. First, we simulated the
static magnetic field and its distribution that can be achieved after having arranged magnets of
various geometries around the cable. The important parameters were the strength (favourable:
as high as possible close to the metal filaments) and homogeneity. The second group of
simulations assessed the penetration and distribution of radiofrequency (7f) fields in the cables
from 7f coils surrounding a short-selected cable section. We find that (i) in unshielded cables
the rf fields are high and favourably amplified nearby the wire elements in the cable core but
(i1) in shielded cables the 7/ fields are damped to impractically low levels. Hence, our summary
judgment is that in unshielded cables it is possible to make the desired NMR experiments and
to be able to do them with sufficient quality.

Furthermore, the simulations studies have been the foundation for the development and
construction of a portable NMR sensor (prototype N1). The prototype has been evaluated by
testing on a range of different cables, supplied by Forsmark AB and Ringhals AB. Results
indicate that the prototype has the capability to measure the insulation material of unshielded
cables (no steel armor surrounding the cable). Although evaluating cables with a shielding is
far more a challenge, as the shielding material strongly suppresses the magnetic field and
reduces the chance of recording any NMR signal. In order to get a better understanding from
the measured NMR relaxation times, T> and comparing these results to well established
parameters; cables were evaluated by mechanical testing methods such as tensile and indenter
modulus testing.
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1. Introduction

Access to energy is crucial for modern societies to function sustainably and nuclear power has
for a long time been considered as a reliable source of energy. However, the majority of nuclear
power plants in the world are reaching the end of their service lifetimes. As the need for energy
grows in our modern societies, the decommissioning of these power plants is postponed.
Therefore, it is crucial to verify that every component installed can withstand the added service
time. With the ability to monitor the condition of components, suitable maintenance programs
can be developed, and safe operations can be achieved.

Cables are among the most common components in a Nuclear power plant and are required to
function during normal operation and in the event of an accident. There are several methods for
cable condition monitoring. Mechanical test methods such as tensile testing is the most
common, and parameters such as tensile modulus and strain at break are widely used in different
evaluation programs. Tensile testing is a destructive test method using relatively large samples.
This is a problem in nuclear power plants, because of the large amount of cables that have to
be tested and evaluated periodically. A common non-destructive method is the use of an indenter,
which measure the surface hardness. However, the indenter is only capable of assessing the
immediate surface structure accessible; which means that for on-site testing, most
measurements are limited to the cable jacketing. Though, the condition of a cable is very much
governed by the condition of its internal constituents e.g. insulation material protecting the
conductors. Consequently, there is a need within the nuclear industry for methodologies which
can facilitate for on-site measurement for condition monitoring, while having the capability to
provide non-destructive in-situ measurements of cable insulation material. Therefore, the aim of
this study has been to evaluate if a portable Nuclear Magnetic resonance (NMR) sensor can be
constructed for assessing cables and if the prospect exists for assessing the structure profile of a
cable. To our knowledge, no portable NMR sensors has never before been constructed for evaluating
cables. Construction and design of such sensor is therefore state-of the art and unique, although a
tremendous engineering challenge due to the complex structure of cables. In this report we present
extensive simulations made with Comsol Multiphysics, investigating two different magnet system
arrangements and the radiofrequency (7f) excitation system. Simulations showed that
cylindrical shell magnets around the cable provide a superior magnetic field compared to
Halbach arrangements. However, both magnets provide sufficient field strengths and
homogeneity, facilitating for a selective area close to the metal conductors to be measured.
These simulations studies have been crucial for the development of a state-of the art working
prototype of the portable NMR sensor, which has been named prototype N1.

The prototype has been evaluated by testing on a range of different cables, supplied by
Forsmark AB and Ringhals AB. Results indicate that the prototype has the capability to measure
the insulation material of unshielded cables (no steel armor surrounding the cable). Although
evaluating cables with a shielding is far more a challenge, as the shielding material strongly
suppresses the magnetic field and reduces the chance of recording any NMR signal.
Additionally, Transverse relaxation times, T, measured by the prototype were compared to
mechanical parameters such as strain at break, Youngs modulus and indenter modulus. Results
show that T», correlates to an extent with mechanical parameters. we therefore believe that the
constructed NMR prototype (N1) can be a possible complementing method for investigating
material deterioration in cables.



2. NMR theory

In NMR spectroscopy, nuclear spin is a fundamental property that is used to acquire
information about the system under investigation. In 1924, Pauli proposed the existence of
nuclear spins [1], which are quantized and can have the following magnitudes:

1 =0,1/2,1,3/2,2,...

Assuming that a nucleus lies in a magnetic field, the nucleus will have the ability to adopt (2/+1)
orientations. The different orientations are represented by the magnetic quantum number, m.
When protons and neutrons adopt the orientation / = %, they can take two spin states, which in
a magnetic field are separated from each other by an energy difference AE. The nucleus has the
ability to jump between states if it absorbs or emits electromagnetic energy at a frequency that
fulfils the resonance conditions. When a nucleus is in an equilibrium state, no radiation is
emitted. To acquire a signal, radiofrequency (7f) pulses are applied to push the system from its
equilibrium state. The pulses employed in NMR consist of short, intense monochromatic
radiofrequency radiation, and when a suitable transmitter frequency o:r close to the resonance
frequency wo is applied, the nuclei will sense only a magnetic field Bi. Therefore, the
magnetization will then precess around Bi. Consequently, the pulse will change the direction
of the magnetization. If the precession frequency is w1, and the RF field is applied during a time
tp, then the angle (B) by which the magnetization has been rotated is as follows:

B=wtor B=yBt,

where B is called the flip angle of the pulse. The most common pulses used are the 90° (n/2)
and the 180° (m) pulses, which turn the magnetization by the angle indicated by the name. A
180° pulse will invert the magnetization opposite to its equilibrium state. After the 180° pulse,
the magnetization will return to its equilibrium position by a process called longitudinal
relaxation (T1). A 90 ° pulse will invert the magnetization in the xy-plane, and its return to its
equilibrium position will be called transverse relaxation (T2). The NMR signal can be detected
via the voltage generated over the receiver coil in which the magnetization precesses.

Measuring transverse relaxation time

Another common pulse sequence for measuring 7 is the Carr-Purcell-Meiboom-Gill (CPMG)
pulse sequence [2]. The CPMG sequence consists of a spin-echo sequence followed by a series
of 180 ° pulses: 90°x-t-180°y-21-180°y-21... The first part of the experiment is similar to the
spin-echo. The delay time 27 after the 180°y pulse can be divided into two parts: during the first
delay time, 7, a spin echo is created, and during the second 7 period, the spins are dephased.
This process is repeated several times, and every 180°y pulse creates a spin-echo that will appear
at half the interval between the 180°y pulses.

Low and high field NMR.

Portable NMR has a great advantage over stationary or high-field NMR, as it enables in-situ
analysis and allows the user to study non-removable objects. The magnetic field of a stationary
NMR is a so-called “inward field”, where the sample is placed inside the detector, which limits



the sample size to be studied. In a portable NMR, the magnetic field is an “outward field”,
which makes it possible to place samples outside the sensor. The detection area or the sensitive
volume/spot can be 1-20 mm outside of the detector surface, which means that the analysis is
not limited to the surface of the object.

A high-field NMR can have magnetic field strengths in the range of 16—18 T, while the portable
NMR is limited to 0.5 T. Consequently, the low magnetic field strength will limit the resolution
of the portable NMR, which prevents chemical shifts from being distinguished. This limitation
restricts the utility of portable NMR for identifying different compounds. On the other hand,
the content of a substance containing hydrogen can be detected by measuring relaxation times,
which has proven to be useful for various applications, e.g., measuring the moisture content in
wood panels and claddings [3].

The NMR MOUSE

The NMR-MOUSE is a small stray-field sensor with a U-shaped geometry. Magnet blocks with
anti-parallel polarization are arranged on steel support [4] (Figs. 1-2) to create a magnetic field
layer, Bo, which is parallel to the surface (sensitive volume). A radio frequency (7f) coil is built
inside the magnet, in the gaps between magnet blocks, which generates an anti-parallel
magnetic field, Bi. This magnetic field will be responsible for the excitation of the 'H protons
to acquire the NMR signal. Due to the unilateral design of the device, low and inhomogeneous
magnetic fields will be employed whose different volume elements in the sample will
complicate measurement by the direct impulse response (Free Induction Decay), as it vanishes
too rapidly after undergoing rf excitation [5]. Therefore, the signal must be recorded as quickly
as possible after applying an rf excitation pulse. Rapid recording can be achieved by using echo
techniques, CPMG, to recover the NMR signal decay [4].

Figure 1. The magnet design of the NMR-MOUSE: four permanent magnets are positioned
on a steel support. A radiofrequency (rf) coil is mounted in the gaps between the magnets to
generate the B rf-field and to acquire the NMR signal. The magnet is designed to generate a
flat sensitive volume above its surface [5].

Figure 2. A typical lift construction for the NMR MOUSE. The lift is used to position the sensitive volume
across the sample with a precision of 10 um. The sample to be investigated is placed on top of plate A,
which is parallel to the movable plate B, where the sensor is installed. By this approach, the surface of
an object can be precisely aligned with the flat sensitive slice [6].



NMR is a strong and versatile characterization technique that can identify different molecular
environments and, in conjunction with relaxation, be utilized to study molecular motions on the
NMR time scale of kHz to MHz. In cases of rubber ageing, processes occur that change the
molecular environment and the molecular motions of the polymer chains, attributed to increased
crosslinking, chain scission or the occurrence of degradation products. These molecular
changes can be easily detected by low-field NMR equipment, such as the NMR-MOUSE [7,8].
Information about the molecular motions can be acquired from the transverse (spin-spin).
However, the NMR-MOUSE has a lower signal-to-noise ratio than high-field NMR sensors
(due to the low field strength of the MOUSE), which makes it impossible to detect a '3C signal,
as the noise is too high. This limitation will prevent the MOUSE from yielding a chemical
spectrum. However, it is well suited to measuring relaxation, since 'H protons are almost 100
% abundant and have a comparatively high gyromagnetic ratio, which will therefore strongly
improve the signal-to-noise ratio. With the NMR-MOUSE, the 'H signal can be recorded using
the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence [9], and the decay curve obtained can
be assessed by Levenberg-Marquardt fitting:

A(t)=Ar*exp(-t/T21)+A2*exp(-t/T22)

where A(?) represents the signal intensity at the echo time ¢, 4 is the signal at time zero and 722
is the transverse relaxation time relating to the relatively rigid polymer matrix and T2 takes
into account the contributions from a slower relaxation process due to mobile additives. Figure
3 shows a CPMG decay curve for a EPDM sample which has been fitted with a single
exponential function.

Figure 3. Decay curve for an EPDM cable transit seal, fitted with a single exponential function.



3. Computer simulation study

We have performed extensive simulations within Comsol Multiphysics to evaluate the expected
performance of NMR experiments for assessing the state of polymeric material components in
cables. In all simulations we assumed that the cable is physically accessible from all sides but
remain intact during the tests. We also assumed that the most desirable place to get NMR
information from is the central part of the cables where the polymeric material is adjacent to
the metallic wires/conductor. The goal of the simulations was if it is possible to get selective
information from the central area in the cables in the vicinity of the wires.

The simulations are grouped in two broad classes. First, we simulated the static magnetic field
and its distribution that can be achieved after having arranged magnets of various geometries
around the cable. The important parameters were the strength (favourable: as high as possible
close to the metal filaments) and homogeneity (favourable: a profile that is selective for the
area close to the metal filaments).

The second group of simulations assessed the penetration and distribution of radiofrequency
(7f) fields in the cables from 7/ coils surrounding a short-selected cable section. We simulated
multifilament cables and simulation results for representative geometries.

Evaluation of the main physical properties for the given cable samples

Different types of cables were provided by Ringhals AB for the simulation studies, which are
described below (type 1-4).

Type 1

Cable labels: MCEC EUPEN ERR 4x2.5+2,5 mm2 1000 V

Cable sizes: External D= 18 mm, diameter of the core part — 11.5 mm
Number of the core: 5 cores

Core sizes: d= 1,9 mm; solid pure copper wire

Shielding: No



Type 2

Cable labels:

Cable size:

Number of the core:

Core sizes:

Shielding:

Type 3

Cable labels:

Cable sizes:
Number of the core:
Core sizes:

Shielding:

NEXANS 279 100975592 06 2004 1PTB 1mm?, CU EDF-SEPTEN
N6 0.3/0.5kV

external D= 10.5 mm, diameter of the core part — 7.2 mm
2 cores
d= 2 mm; multifilamental wire, pure copper

Yes, made from the multifilamental wire

ALCATEL CABLE 205 COAXIAL KABEL, 75 Ohms, LOCA + IEC
332/3A-1193

External D= 14 mm, diameter of the core part — 4.5 mm
1 core
d= 0.5 mm; solid pure copper wire

Yes, made from the multifilamental wire



Type 4

Cable labels:

Cable sizes:

Number of the core:

Core sizes:

Shielding:

ALCATEL CABLE 205 LOT C06249 04 1996 3x35mm?2 HN 33-S-
25

External D= 30 mm, diameter of the core part — 24 mm
3 cores x 7 wires
d=7.5 mm; 7 x 2.5 mm solid pure copper wires

Yes, 2 metallic layer with 0.1mm thickness; metal material is slightly
magnetic



3.1 Calculation of the static magnetic field profiles

Our current ex-situ NMR system (NMR Mouse) has been presented extensively in the literature
[4]. It is capable to record NMR signal in thin (typically, 100200 micrometres) slices at a
maximum distance of ca 1 ¢cm from the flat instrument surface. Hence, it is not suitable for
recording NMR signal in cables on the desired manner with specific information form the core.
The cable testing system we settled for must use magnetic fields that arise from ferromagnetic
materials that surround — as completely as possible — the cables in a cylindrical shell shape (see
Figure 4).

The cylindrical shell shape has two advantages as compared to the NMR Mouse system. First,
it provides a higher magnetic field within the cable volume. This increases sensitivity. Second,
its symmetry allows one to have magnetic fields with a cylindrical symmetry. This allows one
to selectively test the inner core of the cables.

Cylindrical material arrangement can be produced on the essentially different manner. One is
based on compact cylindrical shell magnetized along the axis. Such magnets can be purchased;
Figure 4, presents test pieces bought from commercially available sources.

Figure 4 example of a commercial cylindrical magnet

A practical cable testing system requires the magnets bought to be halved along the axis so that
the resulting two half-cylinders can be closed upon the tested cable. This is a challenge as the
purchased magnetic alloys are very hard and may loose magnetization upon heating when being
cut. In addition, mechanical arrangements (clamps) are going to be required to keep the two
resulting halves together (when halved, the pieces will repulse each other).

The other way of having a cylindrical material arrangement is to have bar magnets arranged in
the so-called Halbach geometry. This arrangement is more flexible as it uses bar magnets that
can be purchased in a great variety. Our simulation used material parameters as for commonly
available bar magnets. In the Halbach arrangement, the magnetic fields from the individual bars
are in part cancelling each other. Hence, Hallbach arrangements provide inherently weaker
fields.



One essential difference between the two magnetic arrangements is that the direction of the
static magnetic fields created by them is different. In the compact cylindrical shell case, the
field is parallel to the cable axis while in the Halbach case the field is perpendicular.
Radiofrequency excitation (and detection) in NMR spectroscopy demands that static and
radiofrequency fields are perpendicular to each other. For this reason, the preferred
radiofrequency designs are radically different for those two cases; namely, in the first case one
must use so-called saddle coils while in the second case calls for solenoids. Solenoids are
inherently more sensitive, and this point makes the analysis of the relative
advantages/disadvantages of the two designs rather complex.

Cylindrical ring magnet design.

In this section simulations are shown for evaluating the magnetic field profiles in the presence
of an electric cable with and without magnetized shielding. The following model geometry was
investigated, see Figure 5. The chosen geometry corresponds to the commercially available
Niobium ring magnets purchased for the real experiments (See Figure 4). The simulated cables
are the types 1-4 mentioned earlier.

Figure 5. Model geometry investigated, red cylinder illustrates a cable and the surrounding cylinder a
Niobium ring magnet.



Simulation were conducted based on the following constants:

Table 1. Simulation constants for the cylindrical ring magnet design.

Name Expression Unit Description

Ri 12,5 | [mm] Inner magnet radius
Ro 25 | [mm] Outer magnet radius
L 25 | [mm] Height

Ls 200 | [mm] Boundary condition
Bm -1,3 | [T] Magnetic field

Rs 50 | [mm] Boundary condition
Lc 150 | [mm] Height of the core
Rco 10 | [mm] Shielding outer radius
Rci 9,9 | [mm] Shielding inner radius

10



Figure 6 shows an illustration of a model meshing for a cylindrical ring magnet design.

Figure 6. Model meshing of cylindrical ring magnet design

As previously mentioned, in the compact cylindrical shell case, the field is parallel to the cable
axis. Figure 7 shows the 3D plot of magnetic flux density B,, which can be seen to be highest
in the center region of the magnet (see the color comparison bar). The magnetic flux density is
reduced as we move from the center region of the ring, in either direction (center region is the
middle point inside the void of the cylinder). The cable shielding for this simulation is made
from nonmagnetic material.

Figure 7. 3D plot of the magnetic flux density B, for a compact cylindrical shell case covering a cable
containing non-magnetic cable shielding.
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The high intensity of the magnetic field strength in the centre region of the cylinder magnet is
also evident from the 1D plot of the of magnetic flux density, B, distribution across the ring at
the longitudinal mid-point (z = 0), see Figure 8. As can be observed the flux density is stable in
the middle-point of the magnet.

Figure 8. 1D plot, B: distribution across the ring at the longitudinal mid-point (z=0):

Figure 9 shows a 1D plot, of the magnetic flux density B, distribution along the ring at the axis
(x,y = 0), as we move though the cylindrical magnet in the z-coordinate direction (cf. Figure
7), the magnetic flux density is reduce when we move from the center region of the magnet in
both directions.

Figure 9. 1D plot, B; distribution along the ring at the axis (x,y = 0).

12



In our previous example shown in Figure 7, the shielding material simulated was non-magnetic.
However, many different types of cables contain magnetic-shielding material. In Figure 10, the
3D plot of the magnetic flux density B, for a cylindrical magnet surrounding a cable is
presented. The cable shielding is made from the magnetic material with ferromagnetic
susceptibility p = 400. As expected, the ferromagnetic shielding material affects the magnetic
field strengths considerably (cf. Figure 7 and 10).

Figure 10. 3D plot of the magnetic flux density B- for a compact cylindrical shell case covering a cable
containing magnetic cable shielding.

According to the results of the computer simulations, cylindrical ring magnet provides a
reasonably good field homogeneity in the central cable region. The presence of the nonmagnetic
(u=0) shielding does not affect the magnetic field profile, while for a magnetic (u=400)
shielding the flux is decreased by a factor 1.5. In the non-shielded case, the obtained magnetic
field strength (for the central region) corresponds to 14.5 MHz, which is comparable to the
NMR frequency for the 'H nuclei. This value is at the high end for portable ex-situ NMR
devices.

For both shielded and unshielded cables (e.g. Type 1 and 2) the core region will attain
sufficiently distinct field (within ca 1-2 % of the top value, corresponding to NMR frequency
that is more than 100 kHz different from that for the other regions of the cable) so that it can be
excited and detected a NMR signal in a selective manner. To realize this potential, the
radiofrequency design (7f-coils) must be optimized, too (see section 3.2).
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Halbach NMR Mandhalas magnet-design.

NMR Mandhalas (Magnetic Arrangement for Novel Discrete Halbach Layout) are arrays of

identically shaped magnets in a Halbach-type arrangement (See Figure 11). They provide a
simple and cost-effective way to generate high magnetic fields for mobile NMR applications.
The computer model of NMR Mandhalas design with 16 identically shaped rectangular pieces
was chosen for simulation. Such pieces are widely available for purchase. Figure 16 shows the
model geometry of the NMR Mandhalas design investigated.

Figure 11. Model geometry of an NMR Mandhalas design with 16 identically shaped rectangular pieces.

Table 2 shows the model constants used for modelling the NMR Mandhalas in a Halbach-type

arrangement.

Table 2. Model constants used for modelling the NMR Mandhalas design.

Name Expression Unit Description

Li 12 [mm] Element Size

Rm 40 [mm] Radius of the element circles
L 50 [mm] Height

alpha 11,25 [deg] Angle for every elements

Ls 200 [mm] Boundary size

Bm 0,7 [T] Magnetic field

Lc 150 [mm] Lengt of the core

Rco 20 [mm] Shielding outer radius

Rci 19,8 [mm] Shielding inner radius
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Figure 12 shows an illustration of a model meshing for a Halbach ring magnet design.

Figure 12. Model mesh of the NMR Mandhalas in a Halbach-type arrangement.

Figure 13 shows the 3D plot of the magnetic flux density, y components. the cable shielding is
made from the nonmagnetic material. As previously mentioned, in Halbach magnets, the field
flows perpendicular to the cable axis. As can be seen, the magnetic field strengths are greater
closer to the magnets and are reduced as we move towards the center region.

Figure 13. 3D plot of the magnetic flux density, for an NMR Mandhalas configuration.
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Figure 14 shows a 1D plot of the magnetic flux distribution By across the cable at the
longitudinal mid-point (z = 0). The magnetic flux is greater at the edges (location of the magnet)
and is reduced as we move towards the center. Another differentiation between the cylindrical
shaped magnet and the Halbach design, is the generated field strengths (cf. Figure 8 and 14,
magnetic flux densities), were the later showed a simulated field strength of ca. 0.33T.

Figure 14. 1D plot of the magnetic flux distribution By, at the longitudinal mid-point of a cable-.

Figure 15, shows the 1D plot, By distribution along the cable at the axis (x,y = 0). Unlike the
cylindrical shaped magnet, the magnetic field homogeneity is far greater for the Halbach design
(cf. Figure 9 and 15).

Figure 15. 1D plot of the magnetic flux distribution By, at the longitudinal mid-point of a cable ( z = 0), as
we move in either direction (up or down) along the cable, the magnetic flux density will be reduced.
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Figure 16a shows the 3D plot of the magnetic flux density, By for a cable containing a magnetic
shielding material with u=400. Figure 16b shows the 1D plot for the corresponding simulation.
As can be observed, the magnetic flux density is severely reduced when moving from the
magnet surface to the center region, were the flux density is reduced to ca. 0.04 T; this can be
compared to 0.12 T for a cable containing a non-magnetic shielding material (Cf. Figure 14 and
16b).

Figure 16 A) 3D plot of the magnetic flux density, By components, shielding in this case is a magnetic
material with y=400. B) 1D plot of the magnetic flux distribution By, at the longitudinal mid-point of a
cable (z=0),

The Halbach design provides reasonable field homogeneity; in this simulation we explored a
much wider cable — hence, the average field is much lower. Still, for a 4 cm wide cable we can
get ca 5 MHz NMR frequency for the 'H nuclei which permits suitable experiments to be
performed. The presence of the magnetic (u=400) shielding severely decreases the magnetic
flux; hence, the Halbach design is not suitable for wide cables with such shielding. The
assembled Halbach set can be easily split into 2 pieces to enclose and test the electric cable as
intended.

The cylindrical shell magnet is superior over the Halbach magnet as it provides a higher
magnetic field. Still, at least for non-shielded cables, the Halbach magnet is a reasonable
alternative. For both magnet systems, it seems to be possible to explore the field profile and get
information for the inner core of the cables on a selective manner. The Halbach design is the
only option currently available for wide (>2.5 cm wide) cables since ring magnets with a larger
hole are not commercially available. The Halbach magnet is also the option that is easier to
construct. The ring magnets require to be cut and we do not know yet if that is possible with
their quality retained. An alternative is custom production of half-rings. In summary, both
magnet designs are suitable for the current project.
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3.2 Calculation of the radiofrequency field profiles

Low-field NMR sensors are commonly made of a permanent magnet (e.g. circular or Halbach
magnet), which generate a magnetic field. In order to achieve excitation and measuring an NMR
signal, radiofrequency (rf) coils can be incorporated together with these magnets. Similar to a
magnet which generates magnetic fields, radio frequency coils (7f) can be used to induce a
current through the coil design to generate a magnetic field. The direction of this magnetic field
is opposite to the field of the permanent magnet. In simple terms this environment will excite
'H in the material, when the current through the rf-coil is turned off, 'H in the material will
relax back to their equilibrium state. This relaxation can be categorized as T and T> (see the
NMR theory section). In this section we present simulations for two types of radiofrequency
(7f) coils: saddle and solenoid shaped 7f coils. The aim of these simulations is to evaluate the
radiofrequency field profile in the presence of a cable with different types of shielding. In order
to minimize the number of governing parameters, a simpler scenario was chosen. A single turn
saddle shape coil configuration with the electric cable Type 1 (see Section 3.1) was chosen for
the computer modelling.

Figure 17. configuration of a single turn saddle shaped coil, surroduing a type 1 cable.
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Model constants used for the simulations are presented in table 3.

Table 3. Model constants used of the single turn saddle shape coil configuration

Name Expression Unit Description

w_h 0,002 | [m] Width of flat wire

w_t 0,001 | [m] Thickness of flat wire

h1 0,03 | [m] Length of the coll

r 0,01 | [m] Coil radius

al 120 | [deg] Saddle angle

S 5 | [deg] Segment angle

rs 100 | [mm] Boundary condition

rc 25 | [mm] Outer shielding (not used)

hc 25 | [mm] Height of the shielding (not used)
rcore 0,8 | [mm] Radius of th core wire

tcore 0,1 | [mm] Thickness of the shielding

w 3,5 | [mm] Radius of the pentagon

hcore1 80 | [mm] Length of the cable

FO 10 | [MHZz] NMR frequency

C 100 | [pf] Capacitor connected to the lumped port

Figure 18 shows the model meshing for a single turn saddle shape coil configuration.

Figure 18. Model meshing for the single turn saddle shape coil configuration.
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In order to get an understanding of the contributions from the copper wiring on the magnetic
flux, series of simulations were made to compare cases of type 1 cables with and without wiring.
The goal of this project is to develop an NMR sensor which has the ability to measure polymeric
components adjacent to the wiring . Therefore, acquiring a higher radio-frequency profile (flux)
close to the cable proximity will enable us to get more signal from the polymers surrounding
those cables. Figure 19 shows the 3D plot and the radial slice projection of the magnetic flux
density norm for a type 1 cable with no conductive cable core inside. As can be observed from
the radial slice projection, the magnetic flux is rather homogenous throughout the cable slice.

Figure 19. 3D plot and radial slice projection of the magnetic flux density norm for a type 1 cable
without cable cores inside.
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Figure 20 shows the 3D plot and the radial slice projection of the magnetic flux density norm
for a type 1 cable containing 5 copper wires. The radial slice projections demonstrate a more
non-homogenous magnetic flux distribution throughout the cable and much greater field profile
closer to the copper wiring. This will be of great importance for acquiring an NMR signal of
those polymers in the proximity of the copper wiring.

Figure 20. 3D plot over the magnetic flux density norm for a type 1 cable with 5 cable cores inside.

The effects from cable shielding materials (similar to the shielding used in type 4 cables) on the
magnetic flux can be observed in Figure 21. The magnetic shielding material completely
reduced the magnetic field strength through the material and prevents any chances for NMR
measurements.

Figure 21. 3D plot over the magnetic flux density norm for a cable with a conductive shielding around
the cable.
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A realistic saddle-shaped radiofrequency coil provided suitable profiles in non-shielded cables
with several discrete embedded wires. In fact, with suitable (that is, comparable to wire
diameter) spacing between the wires, the RF field is amplified in the wire vicinity. In shielded
cables, the radiofrequency field vanishes within the simulations. We do not fully understand
what the cause for this discrepancy is. We think that the shielding is typically woven and, if the
metal-metal contact within it is slightly resistive (for example, because of oxidized surface) the
radiofrequency field leaks through. One issue that is not addressed by the current simulations
is the load (and, in general, the complex impedance) the metallic parts of the cable (wires within
and, if any, shielding on the outside) exert on the resonant circuit of which the radiofrequency
coil is part of. This is a complex simulation problem and is probably more effective to be
addressed experimentally.

Solenoid rf coil configuration

Similar for the saddle shaped rf coil configurations, a type 1 cable has been chosen for the
simulation of the solenoidal coil configuration, shown in Figure 24.

Figure 22. configuration of a solenoid coil, surroduing a type 1 cable.
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Table 4. Model constants used of the solenoid coil configuration

Name Expression | Unit Description

fo 10 [MHZz] Larmor frequency

N 20 Number of turns

Ro 12,5 [mm] Radius of the solenoid
Rsm 0,5 [mm] Radius of the solenoid wire
D 2 [mm] Diameter of the core wire
rcore 3 [mm] radius of the pentagon

Simulations showed that solenoid rf-coils are able to generate more homogenous profiles
through a cable cross-section. Figure 25. shows the 3D plot and the radial slice projection of
the magnetic flux density norm, for a electric cable with the 5 copper wires. Compared to the
saddle-shaped rf-coil the magnetitic field profile is more homogenous.

Figure 23. 3D plot over the magnetic flux density norm for a type 1 cable with 5 copper cable cores inside.
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Figure 26 shows the 3D plot and the radial slice projection of the magnetic flux density norm;
electric cable with the 5 copper wires and the conductive shielding around. Similar to the
saddle-shaped rf-coil, the magnetic flux is greatly reduced when measuring on cables
containing a magnetic-shielding (type 4 cable).

Figure 24. 3D plot over the magnetic flux density norm for a type 1 cable with a conductive shielding
around the cable.

Comparison of the saddle and solenoid rf-coils designs

In summary, we can conclude that the simulations are equally permissive for saddle-coil and
solenoid radiofrequency coils. Keeping in mind what has been already said concerning
radiofrequency and static designs and their interdependence, our final judgment is that the
Halbach-solenoid pair is clearly doable, both in principle and in engineering terms. It seems to
provide smaller NMR signal, boiling down to longer test times. A particular advantage of this
design is that the radiofrequency field is homogeneous while the static fields are sufficiently
smooth. Hence, one can have a rather accurate way of testing the inner polymeric components
at specific locations within the cable. The design based on ring magnets is probably of superior
performance regarding signal strength.
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3.3 Assessment from simulation study

We find that the cylindrical shell magnets around the cable provide a superior magnetic field.
Yet, Halbach arrangements should also work and make an alternative if cylindrical magnets
cannot be produced in two halves, the latter required in real-life applications where magnets
must be able to enclose specific sections of long cables. For both magnet systems, it seems to
be possible to explore the field profile and get information for the inner core of the cables on a
selective manner. The Halbach design is the only option currently available for wide (>2.5 cm
wide) cables since ring magnets with a larger hole are not commercially available. The Halbach
magnet is also the option that is easier to construct. The ring magnets require to be cut and we
do not know yet if that is possible with their quality retained. An alternative is custom
production of half-rings.

Another parameter to be considered is the rf strength (favourable: as high as possible close to
the metal filaments). We find that (i) in unshielded cables the rf fields are high and favourably
amplified nearby the wire elements in the cable core but (ii) in shielded cables the rf fields are
damped to impractically low levels. Hence, our summary judgment is that in unshielded cables
it is possible to make the desired NMR experiments and to be able to do them with sufficient
quality is primarily an engineering challenge (that is, permitted as physical phenomenon). In
shielded cables, simulations indicate that the arrangements tested should not work.
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4. Construction and testing of prototype NMR sensor

4.1 Experimental

Materials

Cables were provided by Ringhals AB and Forsmark AB and information about each individual
cable is presented in tables 5-6. For the cables provided by Ringhals AB (R), cable samples
R11 and R12 have been excluded due to their sizes. The constructed NMR prototype sensor has
a size limitation for cables that can fit within the sensor measurement space (see Figure 33).
Additionally, many of the cables supplied by Ringhals and Forsmark lack information about
the operational conditions e.g. if the samples have been exposed to high temperatures or
radiation. All information that has been provided to us is therefore been presented in tables 5—
6.

Table 5 overview of cable samples supplied by Ringhals AB. The column contains armor, means that
the cable is surrounded by a mechanical reinforcement, typically steel.

Cable | Type Conductor New/used Reactor | Jacketing Insulation Contains Environment Manufacturer
no cable block material material Armor installed
(shielding)
R1 FSFR 2x1 used R3 CSPE EPDM+ yes Room temp ASEA
Lipalon Lilieholmen
20°C
R2 FSAR 3x1 used R3 CSPE EPDM+ yes Room temp ASEA
Lipalon Lilieholmen
20°C
R3 ESSJ 3x2.5 used R4 CSPE EPDM+ no Not given ASEA
Lipalon Lilieholmen
R4 FSFR 7x1 used R3 CSPE EPDM+ no Not given ASEA
Lipalon Lilieholmen
R5 FSFR 4x1 used R4 CSPE EPDM+ yes Room temp ASEA
Lipalon Lilieholmen
20°C
R6 FSFR 3x1 used R4 CSPE EPDM+ yes Not given ASEA
Lipalon Lilieholmen
R7 FSFR 7x1 used Not CSPE EPDM+ yes Not given ASEA
given Lipalon Lilieholmen
R8 MXS 4/C used Not CSPE XLPE yes Not given ASEA
12 AWG given Lilieholmen
R9 NU- 2x2.5 New Not FRNH EPR/FRNH no Not installed EUPEN
SMHXHXCHX given
R10 RSS 3x2.5 used R3 CSPE EPDM+ yes Not given ASEA
Lipalon Lilieholmen
R11 RSAR 48x1 used Not CSPE EPDM+ yes Not given ASEA
given Lipalon Lilieholmen
R12 FSFR 2x1 New Not CSPE EPDM+ no Not installed ASEA
given Lipalon Lilieholmen
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Table 6 shows the information for each provided cable by Forsmark AB (F) for this project.
The samples F7 and F8, which were made of Rockbestos showed no NMR signal and have
therefore been excluded from the study. The samples showed a very low 'H signal, which is the
underlying reason for not getting an NMR signal.

Table 6 overview of cable samples supplied by Forsmark AB. The column contains armor, means that
the cable is surrounded by a mechanical reinforcement, typically steel.

Cable | Type Conductor | New/used | Reactor | Jacketing | Insulation Contains Environment | Manufacturer
no block material material Armor installed
cable (shielding)
F1 FSAR 4x1 used Not CSPE Lipalon yes Aged at Lilieholmen
given 30°C +
LOCA
tested,
taken out
2016
F2 FSAR 2x1 used Not FRNH Lipalon yes Aged at Lilieholmen
given 30°C +
LOCA
tested,
taken out
2016
F3 FSAR 4x2.5 used Not CSPE Lipalon yes Not details, Lilieholmen
given taken out
2016
F4 FSAR 4x1 used Not CSPE Lipalon yes Not details, Not given
given taken out
2016
F5 FSAR 4x1 used Not CSPE Lipalon yes Not details, Not given
given taken out
2016
F6 FSAR 3x1 used Not CSPE Lipalon yes Not details, Not given
given taken out
2016
F7 Rockbestos 4x1 used Not CSPE Rockbestos | no LOCA ASEA
given tested 2018
F8 Rockbestos 2x2.5 new Not CSPE Rockbestos | no 20 years ASEA
given storage,
20°C
F9 EKKJ 3x2.5 new Not FRNH PVvC yes Not installed | ASEA Atom
given
F10 RSS 4x2.5 used Not FRNH Lipalon yes In operation | Not given
given 1985-2012,
20°C

27




For this study a reference sample of EPDM was chosen with known properties, to compare to
the cables supplied by Ringhals and Forsmark. The chosen reference sample is an EPDM O-
rings (see Figure 25) which has been previously studied by Pourmand et. al [10]. The seals
contained 47 + 1 wt.% EPDM rubber, 39 + 1 wt.% carbon black, 5 + 1 wt.% calcium carbonate
(CaCOs3). Unlike the cable specimens which contain conductors (e.g. copper) or sometimes
steel shielding. The reference sample is a pure rubber sample which yields the NMR signal
from the polymer. By comparing the measured NMR signal from the cables to the reference
sample, the influence of components such as conductor or shielding materials on the resulting
NMR signal can be revealed. In addition to the reference sample, an aged reference sample
thermally aged in air for 100 h at 170 °C has been used as a guideline to compare to the cable
specimens.

Figure 25 shows the EPDM reference O-ring, which has been used for comparing to the cable samples
provided by Ringhals and Forsmark.
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Nuclear magnetic resonance (NMR) spectroscopy

The construction and design outlines of the prototype are presented in results and discussions.
The portable NMR sensor was connected to BRUKER AVANCE 300 console. The T/R channel
frequency was set to 44.34 MHz.

The conventional Carr-Purcell-Meiboom-Gill (CPMG) experimental routine was adapted for
that console to collect the echo signals after each 180-degree pulses.

The typical experimental parameter

1. Duration of 180 pulse — 5 u for 150 W of RF power
2. Delay between the consequent CPMG traces — 5 s
3. CMPG timing (between 2 subsequent 180-degree pulses) — 45 u

The typical CPMG decay for the cable R12 with 1024 repetitions is shown in Figure 26.

Figure 26. Typical CPMG decay curve for cable R1 (provided by Ringhals AB).

As cable can be constructed of different types of constituents e.g. jacketing material of chloro-
sulfonated polyethylene and insulation material of Lipalon, this will strongly affect the
measured signal. This is specially the case as most of these polymeric materials besides their
polymer matrix contain additives that can contribute to the decay curve; some of these
components can have faster decays, while others are slower. In general terms, a more rigid
molecular environment will yield a faster decay (resulting in a shorter relaxation time, T>).
Pourmand et. al showed in their work that rubber samples aged and affected by crosslinking
(more dense molecular structure) showed shorter T> times, compared to unaged rubber samples
which had longer T> times [10]. Due to the complex environment existent in cables, the
measured signal decay curve will have a multinational behavior; hereby, the numerical
evaluation of the several components or inverse Laplace routine must be applied for processing.
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Mechanical testing

Tensile testing

Samples from the core insulations from the cables were evaluated; samples were tested as
cylindrical specimen with the conductor removed. The specimens were tested in an Instron
5566 tensile testing machine at an elongation of rate of 20 mm/min and at 23 + 2°C and 50 RH.
Four specimens from each cable sample were tested.

Indenter modulus measurements

The indenter modulus was determined by indentation at 23 + 1 °C and 50 + 5 % RH; using a
modified Instron 5944 Universal Tensile Testing Machine, equipped with an Instron 500 N load
cell and a high-precision xy-stage providing travel increments of 0.25 mm in both the x and y
directions. The indenter probe was a truncated tip based on IEC/IEEE Std 62582-2-2011 (the
diameter of the penetrating base circle was 0.8 mm) [11]. The force felt by the indenter probe
was recorded as a function of the penetration depth: the modulus, N mm™, was determined
from the slope of the force-penetration-depth relationship. 4 independent measurements were
made for each specimen, the lowest and highest values were excluded, and the remaining values
were used for the statistical evaluation.
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4.2 Results and discussions

This project has previously been divided in two phases (i) focusing on simulations of possible
designs (if) construction of a prototype based on designs regarded feasible from previous
simulations. We also assumed that the most desirable place to get NMR information from is the
primary insulation material next to the conducting wire (see Figure 28, primary insulation
material). This is of great interest as to our knowledge there are no portable and non-destructive
methods facilitating in-situ measurements of cables. Classical methods like the indenters can
measure the jacket insulation on-site, and the cable is required to be taken out of service in
order to assess the primary insulation material.

The simulations are grouped in two broad classes. First, we simulated the static magnetic field
and its distribution that can be achieved after having arranged magnets of various geometries
around the cable. The important parameters were the strength (favourable: as high as possible
close to the conducting wire) and homogeneity (favourable: a profile that is selective for the
area close to the metal conductor). We found that the Halbach magnet configuration around the
cable provided a sufficient magnetic field strength. Additionally, the Halbach magnet array can
be engineered in such ways to be opened up and closed with the help of clamps (See Figure
27). This makes it possible to engineer magnets for cables of different sizes.

Figure 27. schematic of how a Halbach array can be halfed

The second group of simulations assessed the penetration and distribution of radiofrequency
(7f) fields in the cables from 7/ coils surrounding a short-selected cable section. The important
parameter was the 7f strength, preferably as high as possible close to the metal conductor,
facilitating the recording of a signal from the primary insulation material. We found from our
simulations that in an unshielded cable the 7/ field profiles are high and favourably amplified
nearby the wire elements in the cable core. Another aspect to take into consideration is the cable
shielding. Many cables contain a steel shielding (see Figure 28) to provide for mechanical
integrity in the cable. Our simulations showed that for shielded cables, the 7/ fields are damped
to impractically low levels, which prohibits any chances to record an NMR signal.

Figure 28. schematic of a general cable cross-section with different constituents.
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NMR measurements by the commercial Magritek NMR mouse assembly

Cables were first evaluated with the commercially available Magritek NMR MOUSE [10]. Fig.
5 shows the results for cable R9 from Ringhals: NU-SmHXHXCHX from EUPEN; 2x2.5

FRNH Crosslink

500 repetitions; quite bad signal-to-noise ratio, very short T

Figure 29. Experimental results shown for cable R9, evaluated with the Magritek NMR MOUSE. Right
curve (red) shows the decay curve that is very short and scattered.

The reference rubber sample was evaluated, 500 repetitions; Results are shown in Fig. 6.

Figure 30. The EPDM reference sample show suitable signal-to noise ratios and a much more uniform
decay curve which generates a larger T2, cf. the decay curves in Figure 29 and 30.
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Conclusions:

1. NMR signal from the given cable samples is quite small vs the EPDM rubber sample.
T> for sample R12 is ca. 0.5 ms and the reference EPDM sample 1.5 ms, which is 3
times greater.

2. Very short T values are expected for cables.

3. Hereby, the designed portable NMR sensor should obey the following requirements:

- Strong magnetic field with the good homogeneity to provide superior NMR signal

- High efficiency of the radiofrequency system to provide as short duration of
excitation pulses as possible (to measure cables with short T2 values) and benefits
the higher signal — to-noise ratio.

The prototype N1; design and construction

In accordance to the preliminary experimental results and the numerical calculations the
following arrangement were chosen. The magnet system: Halbach NMR magnet design

Figure 31. Halbach NMR magnet design, according to simulations from report no. 1.
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The radiofrequency system: Solenoidal coil configuration

Figure 32. The solenoidal coil configuration for the N1 prototype.

Thus, the Prototype N1 contains the following components:

High strength circular magnet Halbach Array
Transmitting/Receiving RF coil

The matching electronic circuit assembled in shielded case
Teflon case

AR e

Non-magnetic aluminum stands

Figure 33. Design outline of the prototype N1.
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The following sections 1-3, give an overview of each component used for the prototype.
1. The circular Halbach magnet array
The following reasons to choose that type of Halbach magnet array were taken into account:

1. The compact size and low weight

2. High magnetic field strength (>10000 Gauss, hereby, more NMR signal vs. the 2 present
Magritec designs)

3. Acceptable magnetic field homogeneity

4. Made from the separate arc segment. Thus, the openable cable clamping upgrade (to be
open at the on the low field axis) is potentially possible

Figure 34. The schematic construction of a Halbach Array and the magnetic field distribution.
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2. Transmitting/Receiving RF coil

Several variants of the RF coil were tested (N1 and N2 are shown below; N3 is currently
installed in the ready prototype shown in Figure 33).

Figure 35. Several variants of RF-coils were constructed and tests during the evaluation process.
Type 1 and 2 were among the first designs used for the tests.

N1 has a wide excitation range vs. N2 and N3. Both N1 and N2 are winded on custom designed
Teflon tube support; N3 is winded on glass tube assembly. As it was found, the Teflon tube
provides the short but noticeable background signal. To avoid misinterpretation with the actual
signal from the cable (which, unfortunately, has the comparable Tz), the N3 design is exploited
in the present construction.

3. The RF matching electronic circuit assembled in shielded case

This circuit is custom designed and contains high voltage non-magnetic Voltronic trimmer
capacitors (matching and tuning handles; manually adjustable).
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Experimental results

Figure 26 shows the CPMG decay curve for cable samples provided by Ringhals AB. Cable
samples denoted R6 demonstrate a faster decay (yielding a smaller T> time), while the curve
for sample R9 decays much slower (resulting in a larger T>).

R9

R6

Figure 36. Shows the decay curve for selected cables from Ringhals, which was evaluated by the N1 NMR sensor.

Decay curves, as shown in Figure 36, were evaluated by fitting data according to the Levenberg-
Marquardt method:

) )

-t -t
y = Ale(ﬁ + Aze(E
The method yields two transverse relaxation times T2; and T2,. As previously mentioned, NMR
is a strong and versatile characterization technique that can identify different molecular
environments and, in conjunction with relaxation, be utilized to study molecular motions. In
cases of rubber ageing, processes occur that change the molecular environment and the
molecular motions of the polymer chains, attributed to increased crosslinking, chain scission or
the occurrence of degradation products. These changes in the molecular environment can be
substantial and cause the material to become rigid. Pourmand et. al. [10] have shown in their
previous research on highly filled EPDM rubber specimen, that unaged rubber specimen has
greater T> times compared to samples that were aged. In our assessment, T2, is the transverse
relaxation time relating to the relatively rigid polymer matrix and T2 is the relaxation times
which takes into account the contributions from a slower relaxation process due to mobile
additives [10,12].
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Tables 7-8 show the measured relaxation times for cables provided by Ringhals and Forsmark.
As mentioned earlier, the shorter relaxation times T»;, are considered to take into account the
contributions from a slower relaxation process due to mobile additives. Tz is fairly constant
for most of the measured samples, see tables 7—8. The longer relaxation times T2, assigned to
the polymer matrix varies for each sample and is far greater compared to T2i. Form our
preliminary measurements with the Magritek NMR MOUSE assembly, we realized that the
relaxation times for cables would be far smaller in comparison to rubber samples such as the
reference EPDM sample. This can also be realized when comparing the relaxation times for the
cables from Ringhals and Forsmark with the EPDM reference sample (see Tables 7—8). The
complex design structure of cables involving conductors, insulators and filler material strongly
affects the possibilities to acquire a strong NMR signal (yielding in shorter T> times). This
effect is even more evident when comparing our results to the EPDM reference sample which
has been aged at 170 °C; the aged specimen has a far shorter T> compared to the unaged
reference sample (compare the data for the unaged and aged samples). Despite the effects from
ageing, the aged reference sample has far greater relaxation times compared to the ones
measured for the cables (T22 =0.77 ms and 0.12 ms for sample R6). As the measured relaxation
times are small, we will use the sum of each contribution Tiotal for our discussions further (Tiotal
= Ta + T2).

Table 7. Measured relaxation times (T2) for cable samples provided by Ringhals. Samples R10 and
R11 could not be measured with the NMR prototype due to size limitations.

Sample T21 (ms) T2o (Ms) Tiotal (MS)
Reference sample

(unaged) 0.23 1.24 1.47
Reference sample aged

(170 °C, 100h) 0.16 0.77 0.93
R1 0.02 0.11 0.13
R2 0.02 0.10 0.12
R3 0.02 0.28 0.30
R4 0.02 0.40 0.42
R5 0.02 0.39 0.41
R6 0.02 0.10 0.12
R7 0.02 0.09 0.11
R8 0.02 0.18 0.20
R9 0.02 0.58 0.60
R12 0.02 0.48 0.50

The samples F7 and F8, which were made of Rockbestos showed no NMR signal and have
therefore been excluded from the study, samples showed a very low 'H signal. Additionally,
the majority of the cable samples provided by Forsmark contained a steel shielding, which
strongly supresses the measured NMR signal, resulting in much lower T values compared to
Ringhals.
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Table 8. Measured relaxation times (T2) for cable samples provided by Forsmark.

Sample T21 (ms) T2o (Ms) Tiotal (MS)
Reference sample

(unaged) 0.23 1.24 1.47
Reference sample aged

(170 °C, 100h) 0.16 0.77 0.93

F1 0.01 0.08 0.09

F2 0.01 0.08 0.09

F3 0.01 0.14 0.15

F4 0.02 0.1 0.12

F5 0.02 0.11 0.13

F7 no signal no signal no signal
F8 no signal no signal no signal
F9 0.02 0.15 0.17

F10 0.02 0.08 0.1

Mechanical testing

As previously mentioned, tensile testing is among the most standardized test methods for
evaluating polymeric materials in nuclear power plants. In this project tensile testing was
performed on various cable insulations (see Figure 37). The plot shows how the total transverse
relaxation, T2 total, (Sum of T21 and T»2) varies with the strain at break. For the reference samples
of EPDM (Ref. unaged and aged), the unaged sample shows great elasticity and has a long
relaxation time. For the aged sample, the effect of ageing and increased crosslinking causes the
material to become more brittle, which is evident in the reduce strain at break. This can also be
seen in the shorter relaxation times.

Observed from Figure 37, samples R9 and R12, which were unaged show much higher strain
at break and longer relaxation times compared to the rest of the samples that were in operation
(R1-R8). In general, all measured cable samples show shorter relaxation times, this owes to the
complex design structure of cables; constituting of conductors, insulators and filler material
which can strongly affects the possibilities to acquire a strong NMR signal (yielding in shorter
T, times).

Figure 37. The plot shows how the total transverse relaxation, T2 total, (Sum of T21 and T22) varies with
the strain at break for cable insulation material.
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Figure 38 shows how the total transvers relaxation times vary relative to the Young’s modulus
(MPa). For the reference specimen the relaxation times become shorter as the material is aged
(Cf. Ref aged and unaged). This effect can also be seen in the modulus (MPa), as the material
is aged the elasticity is severely reduced. For the samples R9 and R12, which are unaged, we
can see that the modulus is in the same ranges as the reference specimens (10-60 MPa).
However, the relaxation times are much shorter which we can attribute to shielding effects from
conductors in the cables. Samples R1-R8 show great increase in the modulus and the relaxation
times are shorter for these samples. These results clearly show that there is a correlation between
the mechanical results and the relaxation times.

Figure 38. Total relaxation times, T 2ttal, @s a function of Young’s modulus (MPa) for selected cables
insulations from Ringhals.
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Figure 39 shows how the total transverse relaxation, Tz ! varies with the strain at break for
cables provided by Forsmark. Samples provided by Forsmark had a higher degree of shielding
material in the cable e.g. solid aluminum. This clearly affected the NMR signal from the inner
parts of the cables, which can be seen in the recorded T> times for samples F3—F6. These results
can be compared to the relaxation times recorded for the samples provided by Ringhals (see
Figure 38), Samples from Ringhals contained a less degree of shielding material and which
results in a much stronger recorded NMR signal (recorded T is higher).

Figure 39. The plot shows how the total transverse relaxation, T2 total, (Sum of T21 and T22) varies with
the strain at break.
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A common non-destructive method is the use of an indenter, which measures the surface
hardness (indenter modulus). Figure 40 shows the average indenter modulus for sample F4
from five measurements; the modulus for the cable jacketing and the insulation material is
shown. The corresponding relaxation times (T 2wtl) are also presented. The cable insulation
material shows a smaller modulus value i.e. material is still flexible. This can be compared to
the modulus for the jacketing material, which is much greater, indicating possible influences
from ageing. This change in modulus can also be reflected in the relaxation times: the relaxation
times are much larger for the insulation material, compared to the cable jacketing. Pourmand
et. al. [10,12] have previous shown correlations between indenter modulus and NMR relaxation
times, T2. These two parameters are usually more in line with each other, if compared to strain
at break or Young’s modulus.

Figure 40. Indenter modulus plotted as function of the NMR relaxations times for cable F4 from Forsmark.
Sample from the cable jacketing and insulation have been evaluated by indenter modulus and by the
NMR prototype. The data presented for the indenter modulus corresponds to averages from 5 modulus
measurements.
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5.Conclusions

Computer simulation with COMSOL Multiphysics were made for two types of magnet designs,
(7) cylindrical ring magnets (see Figure 6) and (i7) Halbach magnets (see Figure 10). Simulation
showed that cylindrical ring magnets have stronger magnetic field strengths compared to the
Halbach array designs. However, the magnetic field strengths in cylindrical magnet is far less
homogenous when compared to Halbach magnets. Further studies evaluated the effects from
shielding in a cable, shielding material which can range from e.g. steel, aluminum and copper,
is used in the cable to provide mechanical integrity (Figure 28 shows typical constituents in a
cable). For cylindrical ring magnets, the presence of the nonmagnetic (u=0) shielding does not
affect on the magnetic field profile, while for a magnetic (u=400) shielding the flux is decreased
by a factor 1.5. Halbach magnets are far more sensitive to the presence of shielding.
Simulations showed that nonmagnetic (u=0) shielding can to a lesser extent affect the field
profiles, while magnetic (u=400) shielding is can be more severe on the field profiles. Still, at
least for non-shielded cables, the Halbach magnet is a reasonable alternative. For both magnet
systems, it seems to be possible to explore the field profile and get information for the inner
core of the cables on a selective manner. The Halbach design is the only option currently
available for wide (>2.5 cm wide) cables since ring magnets with a larger hole are not
commercially available. The Halbach magnet is also the option that is easier to construct. The
ring magnets require to be cut, and we do not know if this can affect the magnets properties.
Another parameter considered in our simulation study has been the radiofrequency (7f) field
strengths (as high as possible close to the conductor surrounded primary insulation). We find
that (i) in unshielded cables the 7/ fields are high and favourably amplified nearby the wire
elements in the cable core but (i7) in shielded cables the 7/ fields are damped to impractically
low levels. Hence, our summary judgment is that in unshielded cables it is possible to make the
desired NMR experiments and to be able to do them with sufficient quality.

Custom designed portable NMR sensor (prototype N1) provides superior (> 10 times higher)
NMR signal compared to the commercially available NMR mouse system. Due to present
frequency limitation of our Magritec assembly (20 MHz only), the portable sensor was
connected to the Bruker AVANCE console. We managed to find a methodology to process
obtained raw data by 2 exponential fitting routine, Levenberg-Marquardt. The NMR sensor
demonstrated to have the ability to measure within cables i.e. in the insulation material.
However, shielding material can strongly obstruct the NMR signal measured from the
insulation material, this was observed when we disassembled cables and evaluated each
component separately. The engineering challenge for future project will therefore be to
investigate the effects from shielding, and hopefully find an engineering solution that can
provide sufficient capability for NMR experiments.

We have demonstrated that the relaxation times T», recorded by the prototype N1, correlate to
an extent with mechanical parameters such as strain at break and indenter modulus. An example
is the comparison between relaxation data and strain at break, which provides a indicative
measure for rigidity in a component; This can be realized when comparing data for a new cable
(R12) and a cable used in operation (R1), both cables have EPDM/Lipalon as insulating
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material surrounding the conductor. From Figure 37, it can be realized that a new cable (R12),
which has not been used in operation has a &, = 150 % and an old cable from operation (R1)
75 %. This difference can related to the recorded T> times for both cables: were R12 has a T> =
0.5 ms and R1, T2 = 0.13 ms, indicating that the increase in rigidity has affected the T>. We
therefore believe that the constructed NMR prototype (N1) can be a possible method for
investigating material deterioration in cables.

6. Future work

In this work we have been able to demonstrate that portable NMR sensor, prototype N1, can be
used to evaluate commercial cables. However, the developed technique is not mature and
requires further critical evaluation. Foremost the effects caused by cable shielding material
(either Aluminium or Stainless steel) needs to be addressed and solutions have to be developed.

e In future projects we need investigate and develop Saddle or solenoid designed coils,
that can supress the limitations on the NMR signal caused by cable shielding.

e [Evaluate a more “simple cable system™: this is essential to fully evaluate the prototype
and understanding how each component in the “simple cable system” is contributing to
the resulting T,. For future studies, coaxial and LV type of cables are preferred,
containing EPDM and Hypalon which have been comprehensively studied with other
techniques. This can be helpful for assessing the NMR methodologies maturity.

e Having the ability to evaluate a “simple cable system” and making ageing tests. The
NMR techniques sensitivity can be assessed further and making mechanical evaluations
can further complement this. This is critical to fully understand the interconnections
between NMR and mechanical test methods.

44



7. References

[1] EMM. Purcell, H.C. Torrey, R.V. Pound, Resonance absorption by nuclear magnetic
moments in a solid, Phys. Rev. 69 (1946) 37.

[2] H.Y. Carr, EMM. Purcell, Effects of diffusion on free precession in nuclear magnetic
resonance experiments, Phys. Rev. 94 (1954) 630.

[3] P. Pourmand, L. Wang, S.V. Dvinskikh, Assessment of moisture protective properties of
wood coatings by a portable NMR sensor, J. Coating. Tech. Res. 8 (2011) 649—654.

[4] B. Bliimich, P. Bliimler, G. Eidmann, A. Guthausen, R. Haken, U. Schmitz, K. Saito, G.
Zimmer, The NMR-mouse: construction, excitation, and applications, Magn. Reson. Imaging
16 (1998) 479-484.

[5] G. Eidmann, R. Savelsberg, P. Bliimler, B. Bliimich, The NMR MOUSE, a Mobile
Universal Surface Explorer, J. Magn. Reson. Ser A 122 (1996) 104—-109.

[6] J. Perlo, F. Casanova, B. Bliimich, Profiles with microscopic resolution by single-sided
NMR, J. Magn. Reson. 176 (2005) 64-70] J. Perlo, F. Casanova, B. Bliimich, Profiles with
microscopic resolution by single-sided NMR, J. Magn. Reson. 176 (2005) 64—70

[7] A. Adams, R. Kwamen, B. Woldt, M. Gral}, Nondestructive quantification of local
plasticizer concentration in PVC by 1H NMR relaxometry, Macromol. Rapid Commun. 36
(2015) 2171-2175.

[8] S. Anferova, V. Anferov, M. Adams, P. Bliimler, N. Routley, K. Hailu, K. Kupferschléger,
M.J.D. Mallett, G. Schroeder, S. Sharma, B. Bliimich, Construction of a NMR-MOUSE with
short dead time, Concept. Magn. Res. 15 (2002) 15-25.

[9] J. Perlo, F. Casanova, B. Bliimich, Profiles with microscopic resolution by single-sided
NMR, J. Magn. Reson. 176 (2005) 64—70.

[10] P. Pourmand, E. Linde, M.S. Hedenqvist, 1. Fur6, S.V. Dvinskikh, U.W. Gedde, Profiling
of thermally aged EPDM seals using portable NMR, indenter measurements and IR

spectroscopy facilitating separation of different deterioration mechanisms, Polym. Test. 53
(2016) 77-84.

[11] IEC/IEEE International Standard - Nuclear power plants - Instrumentation and control
important to safety - Electrical equipment condition monitoring methods - Part 2: Indenter
modulus, IEC/IEEE 62582-2:2011 Edition 1.0 2011-08 (2011) 1-42.

[12] Pourmand, P., Hedenqvist, M. S., Furo, 1., & Gedde, U. W. (2017). Deterioration of highly

filled EPDM rubber by thermal ageing in air: Kinetics and non-destructive monitoring. Polymer
Testing, 64,267-276.

45



SSM 2021:01



The Swedish Radiation Safety Authority has a comprehensive
responsibility to ensure that society is safe from the effects
of radiation. The Authority works from the effects of radiation.
The Authority works to achieve radiation safety in a number of
areas: nuclear power, medical care as well as commercial
products and services. The Authority also works to achieve
protection from natural radiation an to increase the level of
ratiation safety internationally.

The Swedish Radiation Safety Authority works proactively and
presentively to protect people and the environment from the
harmful effects of radiation, now and in the future.

The Authority issues regulations and supervises compliance,
while also supporting research, providing training and
information, and issuing advice. Often, activities involving
radiation require licences issued by the Authority. The Swedish
Radiation Safety Authority maintains emergency preparedness
around the clock with the aim of limiting the aftermath of
radiation accidents and the unintentional spreading of radioactive
substances. The Authority participates in international
co-operation in order to promote radiation safety and finances
projects aiming to raise the level of radiation safety in certain
Eastern European countries.

The Authority reports to the Ministry of the Environment and
has around 300 employees with competencies in the fields of
engineering, natural and behavioral sciences, law, economics

and communications. We have recieved quality, environmental
and working environment certification.

i alternativt format, som punktskrift eller daisy.

Stralsdkerhetsmyndigheten
Swedish Radiation Safety Authority
SE-171 16 Stockholm

Phone: 08-799 40 00

Web: ssm.se

E-mail: registrator@ssm.se

©Stralsdkerhetsmyndigheten

Publikationer utgivna av Strélsakerhetsmyndigheten kan laddas
ned via stralsakerhetsmyndigheten.se eller bestéallas genom att
skicka e-post till registrator@ssm.se om du vill ha broschyren

E-print AB, 2021


mailto:registrator@ssm.se
mailto:registrator@ssm.se
https://strals�kerhetsmyndigheten.se

	SSM2016-1297
	Research In situ NMR condition monitoring of cable insulations in Nuclear Power Plants
	SSM perspective 
	2021:01 
	In situ NMR condition monitoring of cable insulations in Nuclear power plants – SSM2016-1297 
	Sammanfattning 
	Summary 
	Contents 2016:1297 
	1. Introduction  
	2. NMR theory  
	Measuring transverse relaxation time  
	Low and high field NMR.   
	The NMR MOUSE  

	3. Computer simulation study   
	Evaluation of the main physical  properties for the given cable samples  
	3.1 Calculation of the static  magnetic field profiles   
	Cylindrical ring magnet design.  
	Halbach NMR Mandhalas magnet-design.   

	3.2 Calculation of the radiofrequency field profiles   
	Solenoid rf coil configuration  
	Comparison of the saddle and solenoid rf-coils designs  

	3.3 Assessment from  simulation study  

	4. Construction and testing of prototype NMR sensor    
	4.1 Experimental  
	Materials  
	Nuclear magnetic resonance (NMR) spectroscopy  
	Mechanical testing 

	4.2 Results and discussions  
	NMR measurements by the commercial Magritek NMR mouse assembly  
	The prototype N1; design and construction  
	Experimental results   
	Mechanical testing  


	5. Conclusions 
	6. Future work  
	7. References  





Tillgänglighetsrapport





		Filnamn: 

		WEB_2021-01 In situ NMR condition monitoring of cable insulations in Nuclear Power Plants.pdf









		Rapporten har skapats av: 

		



		Organisation: 

		







[Ange personlig information och organisationsinformation i dialogrutan Inställningar > Identitet.]



Sammanfattning



Kontrollfunktionen hittade inga problem i det här dokumentet.





		Kräver manuell kontroll: 0



		Manuellt godkänd: 2



		Manuellt underkänd: 0



		Överhoppat: 0



		Godkänt: 30



		Underkänt: 0







Detaljerad rapport





		Dokument





		Regelnamn		Status		Beskrivning



		Behörighetsflagga för tillgänglighet		Godkänt		Behörighetsflagga för tillgänglighet måste anges



		PDF-fil med bara bilder		Godkänt		Dokumentet är ingen PDF-fil med bara bilder



		Taggad PDF		Godkänt		Dokumentet är en taggad PDF



		Logisk läsordning		Manuellt godkänd		Dokumentstrukturen har en logisk läsordning



		Primärt språk		Godkänt		Textspråk är angivet



		Titel		Godkänt		Dokumenttiteln visas i namnlisten



		Bokmärken		Godkänt		Bokmärken finns i stora dokument



		Färgkontrast		Manuellt godkänd		Dokumentet har korrekt färgkontrast



		Sidinnehåll





		Regelnamn		Status		Beskrivning



		Taggat innehåll		Godkänt		Allt sidinnehåll är taggat



		Taggade anteckningar		Godkänt		Alla anteckningar är taggade



		Tabbordning		Godkänt		Tabbordningen stämmer överens med strukturordningen



		Teckenkodning		Godkänt		Tillförlitlig teckenkodning erbjuds



		Taggad multimedia		Godkänt		Alla multimedieobjekt är taggade



		Skärmflimmer		Godkänt		Sidan kommer inte att orsaka skärmflimmer



		Skript		Godkänt		Inga otillgängliga skript



		Tidsbestämda svar		Godkänt		Sidan kräver inga tidsbestämda svar



		Navigeringslänkar		Godkänt		Navigeringslänkarna är inte repetitiva



		Formulär





		Regelnamn		Status		Beskrivning



		Taggade formulärfält		Godkänt		Alla formulärfält är taggade



		Fältbeskrivningar		Godkänt		Alla formulärfält har beskrivningar



		Alternativ text





		Regelnamn		Status		Beskrivning



		Alternativ text för figurer		Godkänt		Figurer måste ha alternativ text



		Inkapslad alternativ text		Godkänt		Alternativ text som aldrig kommer att läsas.



		Kopplat till innehåll		Godkänt		Alternativ text måste vara kopplad till något innehåll



		Döljer anteckning		Godkänt		Den alternativa texten bör inte dölja anteckningen



		Alternativ text för andra element		Godkänt		Andra element som kräver alternativ text



		Tabeller





		Regelnamn		Status		Beskrivning



		Rader		Godkänt		TR måste vara underordnad Table, THead, TBody eller TFoot



		TH och TD		Godkänt		TH och TD måste vara underordnade TR



		Rubriker		Godkänt		Tabeller bör ha rubriker



		Regelbundenhet		Godkänt		Tabeller måste innehålla samma antal kolumner i varje rad och samma antal rader i varje kolumn



		Sammanfattning		Godkänt		Tabeller måste ha en sammanfattning



		Listor





		Regelnamn		Status		Beskrivning



		Listpunkter		Godkänt		LI måste vara underordnad L



		Lbl och LBody		Godkänt		Lbl och LBody måste vara underordnade LI



		Rubriker





		Regelnamn		Status		Beskrivning



		Relevant kapsling		Godkänt		Relevant kapsling










Till början



