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DEVELOPMENT OF NON-DESTRUCTIVE CONDITION
MONITORING TECHNIQUES FO R LOW-VOLTAGE CABLES

F. Guérout L. Cissé, R. Boof, and A. Blouifi

ABSTRACT

Nuclear power plants contain more than tmaisand kilometres of electrical cables. A
large majority of these cables are dedidad Instrumentatimand Control (I&C)
functions. 1&C cables are key componentsaafuclear power station because they link
measuring and control equipment to the imsintation used to monitor and control the
plant.

Research data and operational experience shatwnuclear power plant cable materials
gradually become brittle and may crack, tigreesulting in loss of dielectric strength

and increased leakage current. The maassbrs causing age-related degradation are
elevated temperatures and ionising radiat Most cables inatled at the CANDU

stations were initially qualiéd for a 30-40 year servicedif As station personnel now
face the prospect of plant life extension, theufdis on assessing the remaining life of the
cables (including Design Badtwent (DBE) survivability) bgond the 30-40 year period.

The number of techniques available for aie-snonitoring is limited because of the
strong requirement from station personieelise non-destruce&vand non-intrusive
technigues. As a resu#t, CANDU Owners Group (COG) R&project was initiated to
develop new non-destructive and non-iiva techniques for on-site condition
monitoring and help the station users ast#essemaining life of installed cables.

This paper summarizes the results oladito date using three non-destructive
technigues: the measurement of cablentateon and post-indentation parameters, the
measurement of electrical dissipation facetrbow frequencies, and the measurement of
sound velocity using laser-ultrasound.

BACKGROUND

A typical 1&C cable consists of multi-conductassemblies insulated with fire-retardant
material with an overall shield and an oyterket. In additn, the cables used in
CANDU stations may contain tape wraps teahance electrical, mechanical, or fire
protection properties.

The typical modes of degradati due to cable aging are entiiement leading to cracks,
loss of dielectric strength, and increaseakége current. The main stressors causing
age-related degradation are thermal agisglteg from elevated temperatures and
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ionising radiation. Other deadation stressors of I&€ables include mechanical
stresses, humidity, hydrocarbon fluids, and ozone.

Insulation and jacket materials used for I&@bles are polymers that contain additives
and fillers to improve aging resistance, electrical, mechanical and fire retardant
properties. The most widely used jackat insulation mateals in older CANDU

plants are polyvinyl chlode (PVC). In the newenants the materials are
chlorosulphonated polyethylene (CSPE3$odtnow as Hypalon for the jackets

and cross-linked polyethylene/polyolefdLPE/XLPO), and ethylene-propylene
based elastomers (EPR,EHR) for the insulation.

The level of degradation ofeéhinsulation and jacket mategaittributed to aging depends
upon the polymer compound used (presence ed@ate additives, @), the pre-service
(storage) and service enviroantal conditions (temperatum@diation, mechanical stress,
humidity), and the elapsedrsie life (time factor).

The main chemical agingenhanisms of polymers reséidbm scission, cross-linking,
and oxidation reactions at the moleculale The scission of alkoxyl or peroxide
radicals usually leads to tiseission of one macromolecularain into two new chains.
Cross-linking refers to the formation afvalent links between adjacent macromolecules
and the formation of a densetwork of chains. Oxidain reactions, which start from
the formation of free radica(because of the initial break of a covalent link under the
effect of temperature and/or radiation), caad either to chain scission or cross-linking.
The organic materials usually undergo physata@nges such as hardening and loss of
flexibility as a result of exposure to headaradiation. Anotherype of physical aging
mechanism due to thermal aging is the evapon and possible migtion of plasticizers
in PVC materials.

The level of degradation ofraaterial can be assessed byknag the changes of material
properties. Some standard teijues used include: visuahd tactile inspections, tensile
tests, indentation tests, differential soang calorimetry, Fourier Transform Infrared
Reflectance (FTIR) Spectroscopy, measureroéntvelling ratio, mass loss, plasticizer
content, or change in density.

In the context of accelerated laboratory aging programs, the work consists first of
selecting the most relevant and most seres#dging characterization parameters for each
material. The aging of polymers over thetlifee of the reactor/cables can be simulated
in an accelerated manner. Degradati@t ttcurs over years of operation can be
duplicated in a few months of acceleratedhggiAccelerated thermal aging of samples is
carried out at carefully chosen sets of tenapures, durations tover a wide range of
levels of degradation to ensure that the lraged conditions areibtrepresentative of
aging taking place in nuclear power plants.e Tésults are then used to derive Arrhenius
law parameters that relate time, tempegtand degradation, or to derive other
predictive aging models. Acceleedtirradiation aging must consider dose rate as well as
total dose. The models can be used toiptdlde design life of a cable material and the
remaining life of a cable in service.

One of the most commonly used laboratohteques to assess dadation is tensile
testing, which consists of comparing theqastages of elongation lateak (EAB) or the
tensile strength for unaged and aged sam@&sB is a proven degradation indicator and



an accepted parameter for the estimation @frésidual lifetime o& cable. End-of-life
criteria based on this parameter are well estladétl. An ultimate EAB of 50% is usually
used as an end point criterion [1]. Thain disadvantage is the large sample size
required and the destructive aspect of the technique.

Most cables installed at the stations wertally qualified for a 3040 year service life.
As station personnel now face the prospect of plant life extension, the focus is on
assessing the remaining life of the eaphcluding Design Basis Event (DBE)
survivability) beyond the 30-40 year period.

The number of techniques available for aie-snonitoring is limited because of the
strong requirement from station personioelise non-destruce&vand non-intrusive
techniques. Another difficultis that some of the instruments typically used in the
laboratory environment are neasily portable to site.

Over the past few years, vauis panels of international garts were formed to review
existing data and the state of advancemérctrrent condition mnitoring techniques

[2, 3]. These panels provided guideliresl recommendations with respect to the
orientation of Research and Development (R&Bbgrams to address cable aging issues.
The recommendations for future research @aevklopment efforts to address this issue
were as follows [3]:

e Continue the development of newfegtive, in-situ condition monitoring
techniques for installed wire systems tbah be used to determine the current
condition of a wire system and predictutseful life. In ths regard, advanced
electrical, optical, ultrasonic and aerasp technologies should be evaluated and
developed for nuclear plant applications.

e Correlate mechanical wire system projgrto electrical properties to better
understand the significance of reachinglitmits of mechanical properties for
aged insulating materials.

The work performed at AECL under COG funding is largely based on feedback from
station personnel and on some of kieg recommendations and guidelines from
international panels of experts. Thepe of work was defined according to three

main drivers:

1. Develop new non-destructive technigtmsthe assessment and monitoring of
cable condition.

2. Develop tools to relate the non-destiwe testing datéo the electrical
functionality of the cables.

3. Help station users assess the remaining life of installed cables.

INTRODUCTION

The development work focused on three nonrdesve techniques that could eventually
be used in-situ at the nuclear statiassg portable versions the tools.

The first technique consists of indenting tadble insulation or cable jacket material to
generate indentation and post-indentation patars that characterize the visco-elastic
properties of the material tested. The rityvef the technique developed at AECL



consists of measuring the time taken by the polymeric material to recover a set portion of
the initial deformation and use this duratemthe material degradation indicator.

The second technique is based on the measemt of insulation ettrical dissipation
factors (or tan delta), which ike ratio of loss current to stored current in the insulating
material. When used on multi-pair conduatables, this technique presents the
advantage of providing a glohaldication of the cable condition. The novelty of the
approach taken at AECL consists of usingroadband frequency tan delta analyser to
measure electrical dissipation factoryatious frequencies, find the frequency ranges
showing increased sensitivity to cable dmtation, and develop specific electrodes and
techniques for practical on-site measurement.

The third technique consists of measgrthe ultrasound velociiy the insulating
materials. Conventional ultrasonic probes candesl to generate aftrasonic wave in
the cable jacket or cable insulation, deieat a known distace from the generation
point, and measure the ultrasound velocitthim material. However, the low-frequency
probes required to minimize the attenuatiohef signal are usuallyulky and not very
practical to use on small diameter cables.rédwer the sensitivity to cable degradation
from thermal aging was not very high whasing conventional ultrasound probes [4].
The novelty of the technique developed &@in collaboration with AECL consists of
using ultrasounds generataxd detected by lasers.

The initial focus of the R&D program was 8WVC-jacketed and PVC-insulated cables.
Using the three new techniques descriakdve, results were compared for unaged
reference samples, and for samples thernaglgd and irradiated in the laboratory. The
main objective was to select the test pararsedad configurations that are most sensitive
to cable degradation.

A large effort was also dedicated to thevelopment of portable tools and to the
modification of the measurement techniques for aafépractical use atemuclear sites.

The results of the testing and tool deygnent programs for the indentation, the
electrical, and the trsound technique are detailedhe following sections of this
paper.

MEASUREMENT OF INDENTATION AND POST INDENTATION
PARAMETERS

The indentation technique is a quantitatihon-destructive cabt®ndition monitoring
technique that consists of driving a prolgednto the surface of the cable jacket or cable
insulation material [2]. The advantgjof the technique are as follows:

e portable instruments can be developed,
e the measurement is quick, and
e (ata is easy to analyse.

During the indentation phase, the force and the displacement are measured to derive a
stiffness parameter also called the “indemt@dulus”. This parameter shows some
correlation with cable degradation for mostleaiaterials used in nuclear power plants
but the sensitivity of the tbaique can be limited. In pamtlar, two notable exceptions



are XLPE and irradiated PVCrahich the indenter modulus lugs tend to stay constant
or only change for a severely degraded material.

A sophisticated laboratory indenter called the Elasto-Dynamic Spot Tester (EDST) was
first developed at AECL in the early ninetidsitially, the EDST wa used to derive the
elastomer spot stiffness during indentatama also to study various post-indentation
viscoelastic properties, such as the pergentd force relaxed after a given time and the
time to recover a given percentage of theahdeformation. A photograph of the EDST
used for cable aging assessment aCiRe site is shown in Figure 1 below.

Figure 1 EDST Test Stand Used to Assess Damaged Cables at CRL

Development of a Portable Polymer Tester (PPT)

The development of a portable version & EDST, called the Portable Polymer Tester
was started at AECL in 2006.

The identified main design requirements for the PPT were as follows:

e Design a compact tool usisgate of the art technolodgr the drive, control,
feedback, and force/displacement measurement systems.

e Duplicate features/test atacteristics of the existing EDST while adding the
option of using the tool in any orientation.

e Integrate the option of using the inderaatprobe in oscillation mode to access
new parameters such as the dynamiciutus or the mechanical dissipation
factor.

e Take into account the pob tool exposure to contaminated, above ambient
temperature environment when used at a nuclear site.



The drive system chosen integrates a ceramic servo motor into a stage. The stage
configuration utilizes a linear slide witlossed roller bearings and a linear optical
encoder. The stage is provided completslgembled. The ceramic servo motor used is
capable of high resolution and high dynamic performance.

The force on the probe tip is measured usimginiature loadcell mounted to the front of
the slide and a load cell signal condition&he linear encoder built in the stage provides
the probe position measurement.

A 3D model of the prototype tool is shown in Figure 2.

The test sequence and data acquisition argated using a computer with Windows XP
operating system. The Windowsogramming environment is LabView®ased. The
Portable Polymer Tester offers the optiorpadgramming the indenter probe profile and
controlling the probe position terive post-indentation parameters. These parameters
are similar to those accessed using the EDST. They include the force relaxation (once
the material has been indented), and the torecover a set percentage of initial
deformation (once the indenter is quickétracted following the relaxation phase). A
typical PPT sequence is shown in Figure 3.

The results obtained to daising the PPT show good repediggband are in line with
the previous EDST results (nqortable version). Severfld trials at the nuclear
stations are scheduled in 2009ucather validate the perforance of this portable tool.

Figure 2 Tri-dimensional Representaton of the Portable Polymer Tester
(Prototype)

% LabView is a Registered Trade Mark of National Instruments.
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Figure 3 Typical Test Sequence for

PVC Cable Jacket Thermally Aged Only

A series of PVC cable jacket samples wasrta
for durations of up to 200 days. The stifsees
gradual change in stiffness as a functiothef nu

11.9 N/mm for the unaged samples to 21.7 N/mm for samples thermally aged during

200 days at 110°C. The time to recover 3F%h
Figure 5 as a function of days of aging at°C10

the Portable Polymer Tester

lly aged at 110°C mventilated oven

ults are shown in Figure 4. There is a

mber of thermal aging days, from

e initial deformation is shown in
It can be seehat the recovery time

is very sensitive to the effect of incesal thermal aging duration, with a change of
about +75% after 50 days, +167% aftérdays, +392% after 100 days, and +788%

after 200 days.

s
[

Stifness (Kimm})
Average Stifness (Nmm)

lil

25

20

Stiffness (MNimm)

g

50 100 130 200

Thermal Aging at 110 DegC (Days)

Figure 4 Stiffness for a Thermally
Aged PVC Cable Jacket
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Figure 5 Recovery Time for a
Thermally Aged PVC Cable Jacket



PVC Cable Jacket Irradiated Only

A series of PVC cable jacket samples wietadiated in a gammeell at doses ranging
from 2 to 60 MRad. The reference elongatatfbreak data for #se irradiated PVC
cable is shown as a function of irradiatdose in Figure 6. The graph shows that at

60 MRad the elongation-at-breekdown to 50%, a level afegradation that corresponds
to the commonly accepted end-of-life point for a cable [2].

The stiffness results for irradiated PVC cajaleket samples are shown in Figure 7. The
stiffness parameter is not séive to the degradation relsing from PVC irradiation.
This confirms what was found for earlieugtes reported in the literature [2].
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The recovery of deformation data for the samadiated samples is shown in Figure 8.
The time to recover one third of the initddformation increases almost linearly as a
function of irradiation dose. From the @ea& condition, there is an increase of the
average recovery time of 33% at 10 MR 86% at 20 MRad, 165% at 30 MRad, and
320% at 60 MRad. Therefore, this new aygwh using the recovery time provides a
means of assessing, for the first time, the aégtion of irradiate@VC while using an
indentation method. Moreover, the deformatiecovery time correlates very well with
the EAB values measured for the variousdiation levels, with both parameters being
extremely sensitive to the material deggtion. The good correlation between the
elongation-at-break and the time to recover thivel of the intial deformation is shown
in Figure 9.
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MEASUREMENT OF ELECTRICAL DISSIPATION FACTORS OVER A
BROAD FREQUENCY RANGE

Dissipation factors are measutedcharacterize the dielectpcoperties of a material. A

key feature of a dielectric maial lies with its ability to store electrical energy when an
external electrical field is applied. For insulating materials used in cables, the objective is
to prevent the storage of electrical energg therefore keep the dissipation factors as

low as possible. However, as the insinlg material ages, the insulation properties
decrease and dissipation fastéend to increase. Therefore, the measurement of
dissipation factors in cables could provefusto monitor tieir condition.

The insulation current resulting from thegpdication of an AC sinusoidal voltage

(u(t) = Vsint)) consists of two components: ttlearge current and the loss current.
Electrically, a degraded insulation canrbpresented by a conducte (G) in parallel

with a capacitance (C). Tharrent flowing through the capéar is the charge current
(Ichargd @nd the current flowing througheltonductance is the loss curreptdl as

shown in Figure 10. The loss current iphrase with the applievoltage while the

charge current is out of phawith the applied voltage. Fan ideal insulating material,

the current flowing through is capacitive. However, a new insulation material presents
some losses through the conductance ancktfest increases as a result of aging.

| e Icharge
v:;@@@@@@ hm%i 5
v
566666 L 0 |
~ ‘ I »— Applied voltage

loss

Figure 10 Definition of the Eledrical Dissipation Factor (tand)



The ratio of lost energy to stored energyha insulating material is called the loss
tangent or dissipation factor. i#t defined as follows: t&n liosdlcharge IN Figure 10,
lcharge= JOCV, and loss = VG, where C is the capacitance and G the conductance of
the tested material. V anglare related respectively the applied voltage and the
frequency. As the insulating material aggess land therefore tantend to increase.
However, at the typical frequency of 60 Hze technique is usuallyot very sensitive

to polymer degradation. The novelty o€tARECL approach consists of using a
broadband frequency tan delta analysenéasure electrical dissipation factors at
various frequencies, and find the frequency ranges showing increased sensitivity to cable
degradation. The frequencies can range fromt@@.C Hz. The signal is usually
amplified internally and then applied to tt@ble sample. The ac voltage chosen for this
test program was 200V, peak to peak.

Reference Semi-Conductive Tape Measurement Technique

For this measurement technique, the caldalation is wrapped with self-amalgamating
conductive tape and tinned copper wire torfa measuring electrode. To avoid stray
currents during dissipation factor measuretsiea guard electrode is added near the
measuring electrode. A typiocaable configuration for thimeasurement technique is
shown in Figure 11.

Self amalgamating
semiconducting tape

PVC Insulation Guard Copper Wire

i
Stranded Electrads
Conductor

2 & & 8 & oNa & & & & & & & & & @&
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76 mm

o 90 0 || ® F & 0 0 9,09 O [ ]
12 mm K
Gap

~&-Fmm Measuring
Electrode

Tothe Bridge ]

1||——\

Figure 11 Configuration For Measuremer of Electrical Dissipation Factors
Using Self-Amalgamating Conductive Tape

This technique is very reliable and very sews to variations otlectrical dissipation

factors resulting from thermal aging anditwadiation of the cables. Electrical

dissipation factors were measured using filifferent types ofinaged PVC cables

(different manufacturers, temperature ratirfiys;resistance ratings, geometries) in order

to assess the “universality” of this technique. The single conductors of five types of cable
tested using the “conductive &pechnique were as follows:

e A hook-up single conductor cable provided by Hydro Quebec.
e A 10-pair conductor cable provided by Hydro Quebec.



e A 1-pair conductor cable provided by Bruce Power.
e An 8-pair conductor cable provided by Bruce Power.
e A single conductor cable obtained fraghe NRU reactor in Chalk River.

The electrical dissipatiora€tor results obtained fordke five unaged cables at
frequencies ranging from 1 to 100 Hz anewsn in blue in Figur 12. The reference

EAB measured for two of the unaged cables was 271 and 235%, respectively. The
electrical dissipation factor tees are very repeatable frame type of PVC insulation to
the other. For example, at 10 Hz, the dditained for the five cable samples was always
between 4.5 and 6 %.

One of the 10-pair conductoable provided by Hydro-Quebec was thermally aged at
110°C (EAB of 156%). The broadband electritigkipation factor measurements on this
sample are shown in red in Figure 12. Témults show that the technique is very
sensitive to cable degradation especiallpatfrequencies. For this thermally aged
cable, the electrical dissipation factor meaduait 5 Hz, increased by a factor of three
from the unaged reference data.

One of the hook-up single conductable was thermally agdédr 328 days at 85°C and
irradiated to a dose of up to 7.27 Mrad (EABwn to 79%). The broadband electrical
dissipation factor measurements on this darape shown in brown in Figure 12. For
this thermally aged and irraded cable, the electricalsdipation factor measured at

5 Hz, increased by a factor okgrom the unaged reference data.

Unaged Hook-up Cable Hydro-Quebec, EAB = 271%

Unaged 10-pair Conductor Cable Hydro-Quebec, EAB = 235%

Unaged 1-Pair Conductor Cable Bruce Power

Unaged 8-Pair Conductor Cable Bruce Power

Unaged Single Conductor Cable AECL-NRU

10-pair Conductor Cable Hydro-Quebec, Aged for 100 days @ 110°C, EAB = 156%
Hook-up Cable Hydro-Quebec,Aged for 328 days @ 85°C + 7.27Mrad, EAB = 79%
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Figure 12 Comparison of Electrical Dispation Factor Results Obtained for a
Variety of PVC Cables Using theSemi-Conductive Tape Technique



Although the semi-conductive tape technique lmamised both on jacket and insulation, it
would be very intrusive and time consuming forleac site applications. It is, therefore,

mainly used in the laboratory to provide benchmark reference results and assess the
reliability of other less intrusive dissipation factor measurement techniques.

Clamp-Electrode Measurement Technique

For this technique, a metallic clamp ragts the semi-conductive amalgamating tape.
The experimental set-up is therefore simptif@nd more practical to use in the field.
However, with the clamp electrode technigde-energization amtisconnection of the
cable is still required.

The first electrode called the input voltageattode carries the volia and is directly
connected to the cabt®nductor. A portion athe cable sample is inserted into a clamp
electrode (the second electrode) wheeedirrent through theable insulation is
measured. A third electrode is connedtethe ground and guawdre (not shown).

This technique can be used directly oa ithsulation of non-jacked single conductor
cables such as, for example, hook-up cables.

Although the clamp electrode measurement technique is more rudimentary than the
reference semi-conductive tape technique résults obtained for an unaged cable
were in good agreement and were consistdr@n taken over the entire length of the
cable. For thermally aged cables the gimity to cable degradation decreased

slightly when using the clamp electroderfr what could be detected when using

the semi-conductive tape. However, the ddgtion was still revealed. For example,

as shown in Figure 13, when applied 8\4C cable thermally aged for 85 days at
110°C, the average semi-conduettape tan delta measured at 5 Hz was 30%. The
corresponding clamp electrode average valuge 2086. The electrical dissipation factors
measured on the unaged sample using teattmiques were 5 and 6.5%, respectively.

Measurements Using Conductive Tape (0.5 m Unaged Cable)

Measurements Using a Clamp-on Electrode (8.0 m Unaged Cable)

Measurements Using Conductive Tape (0.5 m Cable Aged 85 Days @ 110°C)
Measurements Using a Clamp-on Electrode (1.5 m Cable Aged 85 Days @ 110°C)
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Figure 13 Comparison of Electrical Dssipation Factors Measured Using the
Semi-Conductive Tape and tke Clamp Electrode Techniques



Cable-End Measurement Technique

This technique was developed for jacketed multi-pair conductor instrumentation and
control cables. For these cables, the conduetithén one pair are intertwined and, as a
result, the insulation of both conductors i€antact at multiple points along the length of
the cable. The input voltagesetrode is directly connectéd one of the conductors.

The measuring electrode is connected tos#emnd conductor withithat pair. A third
electrode is connected to abgnd wire within the cableThe ground wire is used as a
guard electrode. The electrical dissipationdact measured using the insulation contact
points within one given pair of conductorgherefore, it provides a global assessment of
the insulation degradation over the entire lergjtthe cable (via # contact points), and
there is no cable length limitation tioe application of this technique.

The electrical dissipation factors measuredgighis technique are similar to what was
previously obtained when using the semnductive tape laboratory technique. For a
PVC cable thermally aged during 85 dayd.10°C, the semi-condiie tape tan delta
measured at 10 Hz ranged from 22 to A5%e Figure 13). The electrical dissipation
factor measured from cable end ranged from 18 to 22%, as shown in Figure 14. The
electrical dissipation factors measuredlo® unaged sample using both techniques were
around 5% (see Figures 13 and 14).
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Figure 14 Electrical Dissipation FactorsMeasured from the Cable Ends of a
Multi-Pair Conductor Cable



MEASUREMENT OF SONIC VELOCI TY USING LASER ULTRASOUND

Laser-ultrasonics is a teclgie based on the use of lasergenerate and detect
ultrasound. The absorption of energy framaingle laser pulse by the material

surface creates a local heasehe at the surface, whichrgrates ultrasound within a
broad frequency band. The ultrasoundaserated within the specimen by thermal
expansion of this heated zone. Thisgess generates several types of acoustic waves
in solids: longitudinal waves (L-waveshear waves (S-waves) and surface acoustic
waves (SAW, Rayleigh waves or P-waves) [5, 6].

The acoustic waves are reflected at theriate between two media of different acoustic
impedance and consequently small surffisplacements of a few nanometres are
induced. These surface displacements aecti with a sensitive detection system
composed of a second laser amdinterferometric system [7Melocity measurements of
the bulk material can be performed usiogditudinal waves, shear waves, and surface
waves.

The time for the wave to travel from thengeation to the detecin laser spots can be
measured. The measured velocity cqroesls to the ultrasound propagating distance
between the two probes dividbyg the travel time. Fromhysics point of view, the
speed at which sound propagates through a swidium is related to both density and
modulus as:

c2=L (1)

2

whereC is the sonic velocity is the elastic modulus, apds the material density.
Since the velocity is related the modulus and density thfe material (two parameters
that are usually affected by aging), the meagdwwonic velocity can potentially be a good
indicator of material degradation.

The preliminary investigation of the potentadlusing laser ultragind to assess the cable
condition revealed that, forlaw-frequency mode, the change in sound velocity could be
correlated to the change in elongation-at-brfeakhe thermally aged cables. Following
this discovery, the test setup was adaptezptonise the measurements performed using
this low frequency mode: the interferomedad the detection laser were selected for the
proper detection of this typs ultrasonic mode. A cylindrat lens was also used to

focus the generation laser onreli(l mm wide) instead ofspot, resulting in increased
ultrasonic wave amplitude along the cablesaxhe measurement strategy consisted

of scanning the distance between the gdaiterand detection (G-D) spots. In each

scan, the G-D separation was varied frd® mm to 15 mm with a step size of 0.5 mm.
The signal was averaged 10 or 30 times for each G-D separation to improve the
signal-to-noise ratio. Once the optimised-up was reached, the low frequency mode
could be generated in a regucible manner with a vegood signal-to-noise ratio.

The low-frequency mode is thought to beexilral mode of the cable. This mode was
consistently generated in the thermo elagtigime, hence leaving virtually no mark on
the jacket. Therefore, the non-contachtaque is non-intrusivand non-destructive.

The low frequency flexural mode for the undgmble was below the velocity of sound in
air. Typical signals for diffeent G-D separations were abted on the unaged cable and
on a cable aged 200 days at ™10 Measurements were takat several locations along



the cable axis and circumference. The ltssaare shown in Figure 15. A large difference
in sound velocity can be observed as a rasutiermal aging. The measurements are
repeatable and are all withi% of the average value.
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Figure 15 Sound Velocity Measured at Dierent Cable Locations for an Unaged
and a Thermally Aged Cable

Measurements were then taken for a variety of thermally aged cables (aged 50, 75, 100,
and 200 days at 110°C. The resultsshi@vn in Figure 16. The sound velocity

increased linearly with agg from 175 m/s for the unagedble to 355 m/s for the cable
aged 200 days at 110°C. The sound velocitgsuesd for the low frequency is therefore
highly sensitive to cable degmtibn. Moreover, as shown Figure 17, there is a strong
correlation between the reference EABuUlks and the sound velocity results.
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Figure 16 Sound Velocity for Cable
Samples Thermally Aged at 110°C
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CONCLUSION

An R&D initiative was undertaken at AEGh develop a set of new non-destructive
techniques and portable tools for on-sitbleassessment. Three main cable condition
monitoring techniques were investigatede thdentation techniquéhe measurement of
electrical dissipation factorshd the laser ultrasonic technique.

The novelty of the indentation technique deped at AECL consisted of measuring the
time taken by the polymeric material to reeoa set portion of the initial deformation
and use this duration as thetersal degradation indicatorThe results showed that the
recovery time is much more sensitive toleatlegradation than the stiffness (indenter
modulus) measured during the indentation phase this high sensitivity is achieved for
both thermally aged and irradiated cable samples.

Electrical dissipation factors using the mefgce semi-conductive tape technique were
measured for a variety of PVC cables €fidissimilar unaged cables and two different
thermally aged cables). The measuremesgi®e taken over a broad range of input
frequencies. The results for the unagedesabhowed that the electrical dissipation
factors were independent of compound formatat For the thermally aged or irradiated
cables the most interesting trend was tlvegased sensitivity to degradation obtained
when measuring electrical dissipatifactors at low frequencies.

Other measurement techniques that are singplémmore practical to use than the semi-
conductive tape technique were developed iavestigated. A clamp electrode was
successfully used to assess the degradatibnak up cables. A technique consisting of
measuring the electrical disstymn factor at the cable ends was also developed for the
multi-pair conductor cables. Additionaladopment work will be performed to
investigate the potential measuarent of electrical dissipatidactors in jacket materials.

The laser ultrasonic work revealed that sbend velocity of the low-frequency mode
measured using a generation and a detection laser for a low frequency mode was more
sensitive to cable degradation than whemg classical ultrasonic probes. The sound
velocity was also successfully correlatedhe reference elongation-at-break results.
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