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Chapter 1

Introduction to Nuclear Power Plant
Cable Aging Management

IMost reactor cooling circuits use water as their cooling uid. One of the most severe accident
scenarios involves a leak in the primary cooling circuit and is de ned as Loss-Of-Coolant Accident.
During a LOCA, large quantities of radioactive water at high temperature are released within the
reactor containment, resulting in high pressure, radiation and temperature. Cables quali ed to 1E
LOCA ensure power is delivered to the equipment and instrument readings are fed back to the
control room under these conditions.

2DBE: a postulated event used in the design to establish the acceptable performance require-
ments of the structures, systems, and components.
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Figure 1.1. Render image of a nuclear power plant.
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1.1 NPP Low-Voltage Cables Overview

1

95
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3Class 1E is the safety classi cation of the electric equipment and systems that are essential to
emergency reactor shutdown, containment isolation, reactor core cooling and containment, and re-
actor heat removal or otherwise are essential in preventing signi cant release of radioactive material
to the environment.
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Figure 1.2. Examples of nuclear power plant LOCA cable design.
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1.2 Stressors
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1.3 Cable Quali cation
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Figure 1.3. List of the most commonly used acceptance criteria [10].
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1.4 Degradation Mechanisms
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Figure 1.4. Chemical reactions involved in polymer oxidation[[21].
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Figure 1.5. Dierent types of dose-rate e ects which can occur in radiation-aged
polymeric materials [19].
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Figure 1.6. Predominance diagram for the mechanisms of degradation during
radiation and thermal ageing in radiation environment [26].
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1.5 Modeling
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Figure 1.7. Arrhenius plot for a semicrystalline cable material [[10[11]

20



1 Introduction to Nuclear Power Plant Cable Aging Management

[]

90 120
120
5
ele=05

E (slope = 0.26)
X
A
m -
3 B

3 1 i 1 |

-1 0 1 2 3 4

Log Dose Rate [kGy/h]

Figure 1.8. Power law extrapolation method [5].
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EaB=EaBy, = 0:5 EaB = 50%

Figure 1.9. Time-Temperature superposition for thermal aging[19]; (a) elongation
at break vs. time, (b) master curve.
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Figure 1.10. Time-Temperature-Dose Rate superposition using DED data as a
function of the dose rate [19].
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Chapter 2

In Search of Non-Destructive
Diagnostic Quantities

Yinsulation Resistance (IR) testing is a typical troubleshooting technique used by plant operators
to conrm or localize suspected or known problems; however, IR tests do not detect insulation
damage or other circuit degradation prior to very severe deterioration. In the case of low-voltage
cables, the insulation usually can provide su cient dielectric strength to prevent the detection of
degradation by these tests[[1[ 1P]
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2.1 State of the Art in Nuclear Power Plant Cable
Condition Monitoring
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Figure 2.1. Tensile testing machine for rubbers.
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Figure 2.2. Example of tensile testing measurement result of an EPDM-based
cable insulation.
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Figure 2.3. Schematic example of OIT thermogram. OIT is de ned as the time

betweent; and ty, wherebyt, is given by the intersection (onset of decompaosition)

of the extension of the baseline with the steepest tangent of the reaction peak. This
evaluation method is called the tangent method.
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Figure 2.4. Schematic example of OITp evaluation. The evaluation should be done
using the tangent method.
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Figure 2.5. lllustration of DSC parameters. H¢ is the integral of the DSC curve
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Figure 2.6. An example of TGA thermogram. The polymer (EVA-based insulation
and jacket) loss of mass and its rate are shown as a function of temperature.
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Figure 2.7. Example of FTIR results: the carbonyl peak ( 172@&m ') and the

CH,, stretch peak (  290@m 1) are indicated by arrows.
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2.2 The European Project ADVANCE
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Figure 2.8. ADVANCE logo.

2.3 Aim of this Work
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Figure 2.9. Schematic representation of PEA measurement experimental setup.
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Figure 2.10. Examples of space charge pro les recorded during the measurement.
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Figure 2.12. Schematic representation of the experimental setup for dielectric
spectroscopy.
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Figure 2.13. Variation of Tan Delta with temperature for high and low-density
polyethylene [68].
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Figure 2.14. Scheme of the Laplace transform approach for the evaluation of the
dielectric response.
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Chapter 3

Experimental Setup and Results
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3.1 Specimens

52



3 Experimental Setup and Results

30 60
01 05

0:6

1:6

4:3

Figure 3.1. LOCA coaxial cable. XLPE insulation.
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Figure 3.2.
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LOCA power cable. EPR-based insulation.
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Figure 3.3. LOCA measurement/instrumentation cable. EVA-based insulation.

3.2 Accelerated Aging Experiment

Figure 3.4. (a) P(t) is a generic aging indicator, related to the cable electrical

properties. P, is the value corresponding t050% absolute EaB. (b) The cable life,

based on the electrical property, can be plotted as a function of dose rate and
temperature.

[] P(t)
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Figure 3.5. (a) UJV «e° a.s. irradiation facility ROZA. (b) Samples fastened on
perforated stainless steel cylinders in order to obtain three di erent dose rates.
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3 Experimental Setup and Results

200

GOCO

Table 3.1. Accelerated aging experiment identi cation numbers.

Exp. No. | Temperature Dose Rate
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3.3 Experimental Setup
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http://www.kth.se/en/che/divisions/
polymeric-materials
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3 Experimental Setup and Results

110

Figure 3.6. The PEA cell for cable testing. Note the semi-conductive tape and
the pulse output connector.
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Figure 3.7. Dielectric spectroscopy. Cables are tested using a wire mesh as low-

voltage electrode [[83].
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Figure 3.8. Polarization-depolarization current measurement. Experimental setup
scheme.
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Figure 3.9. Polarization-depolarization current measurements. The cell used for
low-voltage cable samples [83].

10° 10 %

50

10 12

Viest = 8

61



3 Experimental Setup and Results
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Figure 3.10. Tensile testing experimental setup.
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3.4 Experimental Results

[ ]

Figure 3.11. Space charge measurement patterns of EPR-based insulation after
(a) 200, (b) 600, (c) 1000 aging hours at55 C with irradiation dose rate of 1:58
kGy/h. Pattern scale: 2 C=mq.
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Figure 3.12. Variation of the maximum stored charge density with aging time for
EPR-based insulations aged aB85 C with a radiation dose rate of 0.39 kGy/h.
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100 50

Figure 3.13. Depolarization current of EPR-based specimens aged &5 with
irradiation dose rates of (a) 0:39 kGy/h and (b) 1.58 kGy/h.
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Figure 3.14. (a) Real and (b) Imaginary Part of Permittivity vs. frequency for
XLPE specimens aged ai85 with irradiation dose rate of 0:42 kGy/h

Figure 3.15. (a) Real and (b) Imaginary Part of Permittivity vs. frequency for
XLPE specimens aged ai85 with irradiation dose rate of 1:06 kGy/h.
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Figure 3.16. (a) Real and (b) Imaginary Part of Permittivity vs. frequency for
XLPE specimens aged a5 with irradiation dose rate of 1:06 kGy/h.
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Figure 3.17. (a) Real and (b) Imaginary Part of Permittivity at 0:1 Hz vs. aging
time for XLPE specimens.

Figure 3.18. (a) Real and (b) Imaginary Part of Permittivity at 50 Hz vs. aging
time for XLPE specimens.
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50

50

Figure 3.19.

(a) Real and (b) Imaginary Part of Permittivity at 10° Hz vs. aging
time for XLPE specimens.

Figure 3.20.

0:1

(@) Real and (b) Imaginary Part of Permittivity at 0:1 Hz vs.
absorbed dose for XLPE specimens.
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Figure 3.21. (a) Real and (b) Imaginary Part of Permittivity at 50Hz vs. absorbed
dose for XLPE specimens.

Figure 3.22. (a) Real and (b) Imaginary Part of Permittivity at 10° Hz vs.
absorbed dose for XLPE specimens.
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Figure 3.23. Polarisation current of XLPE samples aged at (a5 C and (b) 55 C
with a dose rate of1:06 kGy/h.
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Figure 3.24. (a) Interfacial contribution to the Real Part of Susceptibility and (b)
Dielectric Losses vs. frequency for XLPE specimens aged 86 C and 1:06 kGy/h.

Figure 3.25. (a) Interfacial contribution to the Real Part of Susceptibility at 10 3
Hz and (b) maximum value of low-frequency dielectric losses vs. aging time for
XLPE specimens.
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Figure 3.26. (a) Interfacial contribution to the Real Part of Susceptibility at 10 3
Hz and (b) maximum value of low-frequency dielectric losses vs. absorbed dose for
XLPE specimens.
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55 ]

Figure 3.27. Elongation at break vs. aging time for XLPE samples aged at (a)
85 C and (b) 55 C.

Figure 3.28. Elongation at break vs. absorbed dose for XLPE samples aged at (a)
85 C and (b) 55 C.
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Figure 3.29. Young's Modulus vs. aging time for XLPE samples aged at (a35 C
and (b) 55 C.

Figure 3.30. Young's Modulus vs. absorbed dose for XLPE samples aged at (a)
85 C and (b) 55 C.
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85 0:39

01 10

Figure 3.31. (a) Real and (b) Imaginary Part of Permittivity vs. frequency for
EPR specimens aged aB5 with irradiation dose rate of 0:39 kGy/h

Figure 3.32. (a) Real and (b) Imaginary Part of Permittivity vs. frequency for
EPR specimens aged aB5 with irradiation dose rate of 1:58 kGy/h
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Figure 3.33. (a) Real and (b) Imaginary Part of Permittivity vs. frequency for
EPR specimens aged ab5 with irradiation dose rate of 1:58 kGy/h
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Figure 3.34. (a) Real and (b) Imaginary Part of Permittivity at 0.1 Hz vs. aging
time for EPR specimens.

Figure 3.35. (a) Real and (b) Imaginary Part of Permittivity at 50 Hz vs. aging
time for EPR specimens.
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200 00 01

Figure 3.36. (a) Real and (b) Imaginary Part of Permittivity at 100kHz vs. aging
time for EPR specimens.

Figure 3.37. (a) Real and (b) Imaginary Part of Permittivity at 0:1 Hz vs. dose
for EPR specimens.
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Figure 3.38. (a) Real and (b) Imaginary Part of Permittivity at 50 Hz vs. dose
for EPR specimens.

Figure 3.39. (a) Real and (b) Imaginary Part of Permittivity at 100kHz vs. dose
for EPR specimens.
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Figure 3.40. (a) Polarisation current of EPR samples aged a85 C with irradiation
dose rate of 0.42 kGy/h. (b) Conduction current vs. aging time for EPR samples.

0 0 00
[ ]
85 0:39 0
10 3 00
10 ?

] 55

1:58 0

0:1 0:.01 600
10 4 00
0:1
85 1:58
] o
108 10 4

1 [ 1 [

81



3 Experimental Setup and Results

Figure 3.41. (a) Interfacial contribution to the Real Part of Susceptibility and (b)
Dielectric Losses vs. frequency for EPR specimens aged &b C and 0:39 kGy/h.

Figure 3.42. (a) Interfacial contribution to the Real Part of Susceptibility and (b)
Dielectric Losses vs. frequency for EPR specimens aged %% C and 1:58 kGy/h.
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Figure 3.43. (@) Interfacial contribution to the Real Part of Susceptibility and (b)
Dielectric Losses at10 2 Hz vs aging time for EPR specimens.

Figure 3.44. (a) Interfacial contribution to the Real Part of Susceptibility and (b)
Dielectric Losses at10 2 Hz vs absorbed dose for EPR specimens.
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Figure 3.45. (a) Interfacial contribution to the Real Part of Susceptibility and (b)
Dielectric Losses at10 4 Hz vs aging time for EPR specimens.

Figure 3.46. (a) Interfacial contribution to the Real Part of Susceptibility and (b)
Dielectric Losses atl0 4 Hz vs absorbed dose for EPR specimens.
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I R

Figure 3.47. Elongation at break vs. (a) aging time and (b) absorbed dose for
EPR specimens.

Figure 3.48. Young's Modulus vs. (a) aging time and (b) absorbed dose for EPR
specimens.
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85 55 1:5

Figure 3.49. (a) Real and (b) Imaginary Part of Permittivity vs. frequency for
EVA specimens aged a35 C with irradiation dose rate of 0:94 kGy/h.

Figure 3.50. (a) Real and (b) Imaginary Part of Permittivity vs. frequency for
EVA specimens aged a5 C with irradiation dose rate of 0:94 kGy/h.
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55 00
10 200 00

Figure 3.51. (a) Real and (b) Imaginary Part of Permittivity at 100kHz vs. aging
time for EVA specimens.

Figure 3.52. (a) Real and (b) Imaginary Part of Permittivity at 100 kHz vs.
absorbed dose for EVA specimens.
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Figure 3.53. (a) Conduction current vs. aging time for EVA samples and (b)
Depolarisation current vs. time for specimens aged ab5 C with irradiation dose
rate of 0:94 kGy/h
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1.5 [ ]
55
85

Figure 3.54. Elongation at break vs. aging time for EVA-based samples aged at
(a) 85 C and (b) 55 C.

Figure 3.55. Elongation at break vs. absorbed dose for EVA-based samples aged
at (a) 85 C and (b) 55 C.
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Figure 3.56. Young's Modulus vs. aging time for EVA-based samples aged at (a)
85 C and (b) 55 C.

Figure 3.57. Young's Modulus vs. absorbed dose for EVA-based samples aged at
(a) 85 C and (b) 55 C.
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Discussion
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4 Discussion

4.1 Cross-Linked Polyethylene

L]

Table 4.1. Accelerated aging experiments for XLPE insulation.

Exp. No. | Temperature \ Dose Rate
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4 Discussion
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Figure 4.1. Elongation at break vs. aging time for XLPE samples aged at (a)
85 C and (b) 55 C. Experimental data tting is performed using an inverse power
law.
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4 Discussion
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Figure 4.2. (a) Life and (b) DED vs. Dose Rate for XLPE samples aged a85 C
and 55 C.
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4 Discussion

Figure 4.3. XLPE - Crossplots of EaB and (a) ' at 0:1 Hz, (b) at 100 kHz.

Figure 4.4. DLO causes surface cracks a ecting tensile testing results.
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4 Discussion

H> 1000
300

Figure 4.5. FTIR map over the sample thickness. The color scale represents the
ratio of the areas of the carbonyl peak ( 1720cm 1) and the C H, stretch peak
( 2900cm 1.
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Figure 4.6. XLPE - Crossplots of density and (a) 'at 0:1 Hz, (b) at 100kHz.
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55
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Figure 4.7. Inuence of the test temperature on the values of at 100 kHz for
specimens aged at (aB5 C and (b) 55 C with irradiation dose rate of 0:76 kGy/h.
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Figure 4.8. Dielectric loss tangent versus temperature of LDPE):3 mm thick
samples irradiated in air (room temperature) with an irradiation dose rate of9
kGy/h [93].
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4.2 Ethylene-Propylene Rubber
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Table 4.2. Accelerated aging experiments for EPR insulation.
Exp. No. | Temperature Dose Rate
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Figure 4.9. Elongation at break vs. aging time for EPR-based insulations. Ex-
perimental data tting is performed using an inverse power law.
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4 Discussion

EaB = 50

55

Figure 4.10. (a) Life and (b) DED vs. Dose Rate for EPR-based samples aged at

85 C and 55 C.
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4 Discussion

Figure 4.11. EPR - Crossplots of (a) EaB and (b) Young's Modulus with " at 0:1
Hz.

Figure 4.12. EPR - Crossplots of (a) EaB and (b) Young's Modulus with at
100 kHz.
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Figure 4.13. EPR - Crossplots of density with (a) ' at 0:1 Hz and (b) at 100
kHz.
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4.3 Ethylene-Vinyl Acetate

42

L]

Table 4.3. Accelerated aging experiments for EVA insulation.

Exp. No. | Temperature \ Dose Rate

OO O1N

Figure 4.14. Elongation at break vs. aging time for EVA-based samples aged at
(a) 85 C and (b) 55 C. Experimental data tting is performed using a logarithmic
function.
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Figure 4.15.
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(a) Life and (b) DED vs. Dose Rate for EVA-based samples aged at

85 C and 55 C.
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Figure 4.16. Examples of DSC-OITp thermograms obtained from EVA-based
insulation before and after accelerated aging.
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Figure 4.17. OITp vs. absorbed dose for EVA-based samples aged at (a) 0.94
kGy/h and (b) 1.50 kGy/h. Note that samples aged at lower temperature exhibit
larger property variations.
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200

0:94 ] 150 ]

Figure 4.18. Imaginary part of permittivity at 100kHz vs. absorbed dose for EVA-
based samples aged at (a):94 kGy/h and (b) 1:50kGy/h. Note that samples aged
at lower temperature exhibit larger property variations.
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Figure 4.19. EVA - Crossplots of EaB and at (a) 100kHz and (b) 1 MHz.

Figure 4.20. EVA - Crossplots of OITp and at (a) 100kHz and (b) 1 MHz.
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Figure 4.21. Inuence of the test temperature on the values of at 100 kHz for
specimens aged at (aB5 C and (b) 55 C with irradiation dose rate of 0:94 kGy/h.
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