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Abstract

This report describes the results of aging, condition monitoring, and accident testing of
crosslinked polyolefin gﬂ.PO cables. Three sets of cables were aged for up to 9 months
under simultaneous thermal («100°C) and radiation (=0.10 k(gry/hr conditions. A
sequential accident consisting of high dose rate irradiation («6 kGy/hr) and high
temperature steam followed the aFing. The test results indicate that most properly
installed XL.PO cables should be able to survive an accident after 60 years for total aéincg
doses up to 400 kGy and for moderate ambient temperatures on the order of 50-55°
g;otentlall higher or lower, depending on material sPecific activation energies).

echanical measurements (primarily elongation, modulus, and density) were more
effective than electrical measurements for monitoring age-related degradation.
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~ EXECUTIVE SUMMARY

This report describes the results of agin%hcondition monitoring, and accident testing of
- crosslinked l;,olyoleﬁn (XLLPO) cables. The cable products tested are representative of
typical XLPO cables used inside containments of U.S. light water reactors. Some
manufacturer’s specify a cable material of crosslinked polyethylene (XLPE); in this
report, the more generic term XLPO will be used to represent all E and XLPO
cables. The test specimens included multiple samples of XILPO cable products from
Brand Rex, Rockbestos, Raychem, and Samuel Moore. The Raychem product was
- purchased and tested in a single conductor unjacketed configuration. The remaining test
samples were multiconductor jacketed cables. This report is the first of three volumes
describing the results of the testing. Volume 2 will discuss ethylene propylene rubber
- (EPR) cable products and Volume 3 will discuss miscellaneous cable products.

Many types of cable are used throughout nuclear power plants in a wide variety of
applications. Cable qualification typically includes sequential thermal and radiation
aging intended to put the cable in its end-of-life condition. The radiation dose is
normally applied at fairly high dose rates (1-10 kGy/hr) with Arrhenius methods used to
establish accelerated aging times and temperatures. Generally, the radiation and
thermal aging are applied to the specimens sequentially. These qualification efforts
- assume that sequential application of aging stressors a;:})roximates simultaneous thermal

- and radiation aging conditions. Because of the high dose rates and high temgaeratures

~ that are typically employed, cable materials can experience oxygen diffusion effects that
result in non-uniform aging. Consequently, it is of interest to determine the extent to
which these factors might have affected previous testing. ical qualification programs
also provide very little information that is useful for establishing effective condition
monitoring programs that can assess a cable’s ability to survive an accident environment.
The experimental program described in this report utilized considerably less accelerated,
simultaneous thermal and radiation aging conditions and employed condition monitoring
measurements during aging. In addition, similar accident tests were performed on cables
aged to three different nominal lifetimes to compare their accident performance.

The primary objectives of the testing were to determine the long term aging degradation
behavior of popular cable products used in nuclear power plants and to determine the
potential for using condition monitoring (CM) for residual life assessment. More
cific objectives were to assess the accident performance of cables aged more slowly
e.g., at lower temperatures and radiation dose rates) than in typical industry tests and
under simultaneous conditions; to assess the conservatism associated with the
IEEE 383-1974 post-accident mandrel bend and high potential testing; and to assess
what additional qualification requirements might be needed as cables age beyond their
current qualified life. o ‘
The experimental program consisted of two phases, both using the same XILPO test
specimens. Phase I was a simultancous thermal («100°C) and radiation agin
=().10 kGy/hr) exposure, and Phase II was a sequential accident exposure consisting o
100 kGy of high dose rate irradiation (=6 kGy/hr) followed by a simulated loss-of-
coolant accident (LOCA) steam exposure. The test program generally followed the
guidance of IEEE 323-1974 and IEEE 383-1974. '

XLPO cable g)roducts (total of 18 cables comprising 40 individua! conductors) were
included in three different test chambers, with the cables in each chamber aged to a



different extent prior to accident testing. Cables were aged for 3 months in the first
chamber, 6 months in the second chamber, and 9 months in the third chamber. The
accelerated agi ﬁtemperature was determined by equating the 6-month exposure to a
40-year life and assuming an activation energy of 1.15 eV and a plant ambient
temperature of 55°C. Consistent with past Sandia testing, the accelerated radiation
aging dose rate was determined by assuming a 40-year radiation dose of 400 kGy and the
total accident radiation dose was 1100 kGy. o

During the aging exposure, various electrical and mechanical condition monitoring
measurements were performed on the cables. The electrical measurements were
performed on long lengths of cable, while the mechanical measurements were performed
on small samples removed from the test chambers during aging. The parameters
measured included insulation resistance and polarization index at three different
voltages, capacitance and dissipation factor over a wide range of frequencies, tensile
strength an elon(fation at failure, modulus profiles, cable indenter modulus tests (usin
a cable indenter developed at Franklin Research Center under Electric Power Researc
Institute (BPRI) ﬁmdm%g, hardness, and bulk density. During the accident exposure, the
insulation resistance of the cables was monitored on essentially a continuous basis.

The conclusions of this experiménta] effort with régard to both the broad and specific
objectives of the program are addressed below: :

Objective: To determine the long term aging degradation behavior of popular cable
products used in nuclear power plants. , ,

Conclusion:  The test results indicate that most pr(a)]erly installed X1 PO cables should
be able to survive an accident after 60 years for total aging doses %g to
400 kGy and for moderate ambient temperatures on the order of 50-55°C
(poteptiz)a,lly higher or lower, depending on material specific activation
energies).

Objective: To determine the potential of condition monitoring (CM) for residual life
assessment. ‘

Conclusion:  Of the measurements tested, elongation is the best condition monitorin
method. Although a quantitative generic acceptance criterion is difficult
to establish based on these tests, a reasonable range (that is likely to be
fairly conservative) would be about 50-100% absolute elongation
remaining. Compressive modulus and density could also be somewhat
effective for monitoring residual life, although acceptance criteria would
be much more difficult to establish for these measurements because
extensive testing has not been performed to demonstrate that modulus
and density respond consistently for varied test conditions. The electrical
measurements were not effective for monitoring residual life.

Objective: To assess the accident performance of cables agéd more slowly (e.g., at
lower temperatures and radiation dose rates) than in typical industry tests
and under simultaneous conditions.

Conclusion: The accident performance (in terms of electrical properties) of the XLPO
cables did not differ substantially from the accident performance of
cables aged at more highly accelerated (both sequential and
simultaneous) conditions in past Sandia tests, as well as in industry tests.
However, it must be noted that this conclusion only applies up to the
limits of the aging conditions simulated in this test program since the
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- Objective:

Conclusion:

Objective:

- Conclusion:

“cables age beyond their current nominal 4

testing does noédprove or disprove whether highly accelerated tests to
much higher total exposure conditions would produce the same results if
the acceleration were greatly reduced. - S

To assess the conservatism associated with the IEEE 383-1974 post-
accident mandrel bend and high potential testing. - -

- The IEEE 383-1974 post-LOCA mandrel bend icst on the cables that had
" been aged for 9 months induced cracking of three conductors of one

cable type. The high potential test did not induce any cable failures
(assuming the cable did not crack during the mandrel bend), even after
bends significantly more severe than the IEEE requirement. ‘Thus, for
XLPO cables, the most severe part of the post-accident exposure appears

-to be the bend test.

To assess what additional.qualiﬁéation ,reg_uiremcﬁtfitgini liitfbe’needed as
year qualified life. '

The accident performance of cables aged to the three different lifetimes
was not significantly different. Thus, for XLPO cables exposed to
environments less severe than those simulated in this test program, these
tests do not indicate the need for additional qualification requirements as
cables age bae’yond their current qualified life. This conclusion is based on
the technical finding that the cables tested did not fail (with only one
exception) when exposed to the environments defined in this test
prgﬁgam.‘- It does not prove or disprove the adequacy of current
qualification practices and requirements. ‘ o



10 INTRODUCTION
1.1 Background

Man es of cable are used throughout nuclear power plants in a wide variety of
applications. Cable qualification to E 323-1974 {1] and IEEE 383-1974 [2] typicall
includes sequential thermal and radiation aging intended to tput the cable in its end-of-
life condition. The radiation dose is typically applied at tairly high dose rates (1-10
kGy/hr) with Arrhenius methods used to establish artificial aging times and
temperatures. Generally, the radiation and thermal aging are applied to the specimens
sequentially.  These qualification efforts assume that sequential application of aging
stressors approximates simultaneocus thermal and radiation aging conditions. Some
rimarily research) Frograms have applied the environments simultaneously {3-6].
owever, because ot the high dose rates and high temperatures that are typically
em;;loyed, cable materials can still experience oxygen diffuston effects that result in non-
- uniform aging. Consequently, it is of interest to determine the extent to which these
factors might have affected previous testing. Tygical qualification programs also provide
very little information that is useful for establishing effective condition monitoring
programs that can assess a cable’s ability to survive an accident environment. The
current experimental program went beyond previous efforts [3-6] by employing
considerably less accelerated, simultaneous thermal and radiation aging conditions; by
employing many more condition monitoring measurements during aﬁifng; and by
performing similar accident tests on cables aged to three different nominal lifetimes.

This ll;;;l)(ort describes the results of agin%bcondition monitoring, and accident testing of
crosslinked lgolyolafin (XLPO) cables. The cable products tested are representative of
typical XLPO cables used inside containments of U.S. light water reactors. Some
manufacturer’s specify a cable material of crosslinked polyethylene SXLPE); in this
regor't, the more generic term XLPO will be used to represent all E and X1LPO
cables. This report is the first of three volumes describing the results of the testing.
Volume 2 will discuss ethylene pro(rylene rubber (EPR) cable products and Volume 3
will discuss miscellanecus cable products.

12 Objectives
The broad objectives of this experimental program were twofold:

a. to determine the long term aging degradation behavior of popular cable
products used in nuclear power plants and

b. to determine the potential for using condition monitoring (CM) for residual life
assessment.

More specific objectives were as follows:
a. to assess the accident performance of cables aged more slowly (e.g., at lower
temperatures and radiation dose rates) than in typical industry tests and under
simultaneous conditions;

b. to assess the conservatism associated with the IEEE 383-1974 [2] post-accident
mandrel bend and high potential testing; and

¢. to assess what additional qualification requirements might be needed as cables
age beyond their current nominal 40-year qualified life.



13 Approach

To accomplish these objectives, an experimental program consisting of two phases was
undertaken, both using the same test specimens. Phase I was a simultaneous thermal
(=100°C) and radiation aging (~0.10 Gy/h?l exposure. Phase II was a sequential
accident exposure consisting of 1100 kGy of high dose rate irradiation (=6 kGy/hr) -
followed by a simulated loss-of-coolant accident (LOCA) steam exposure. The test
program generally followed the guidance of IEEE 323-1974 [1] and 383-1974 [2].

- Four separate test chambers were included in the program. Cables were aged for
3 months in the first chamber, 6 months in the second ber, and 9 months in the
third chamber. A fourth chamber contained unaged cables. Accident testing utilized the
same test chambers as the aging. The accelerated aging temperature was determined by
equating the 6-month exposure to a 40-year life and assuming an activation encr%v of
1.15 eV and a plant ambient temperature of 55°C. The accelerated radiation aging dose
~rate was determined by assuming a 40-year radiation dose of 400 kGy and the total .
accident radiation dose was 1100 kGy. It should be noted that typical generic industry
qualification testing uses an aging dose of 500 kGy and an accident dose of 1500 kGy.

- A complete list of the cables included in this program is given in Table 1. This report
only describes the results for the XLPO cables, which are the first four entries in Table 1.
Results for the other cables, which were concurrently tested in the same chambers as the
XLPO cables, are in separate volumes of this report. Because of the generally good
performance of the aged XLPO cables, no XLPO cables were included in the unaged
cable test (although baseline electrical and mechanical properties tests of um(x‘ged cables
were performed). Therefore, the testing of unaged cables will not be discussed further in
this volume of this report. S ‘ ’ : :



Table 1 Cable Products Included in the Test Program
Note: Cables discussed in this volume are shown in boldface.

4. Samue]l Moore
5. Anaconda

5a. Anaconda *

6. Okonite

7. Samuel Moore

8. Kerite
8a. Kerite

9. Rockbestos
10. Rockbestos

11. Champlain
12. BIW

S J l i D o .
1. Brand Rex | 30 mil XLPE Insulation, 60 mil CSPE Jacket, 12 AWG, 3/C, 600V
2. Rockbestos Firewall 11, 30 mil Irradiation XLPE, 45 mil Neoprene Jacket, 12
AWG,3/C, 600V
3. Raychem Flamtrol, 30 mil XLPE Insulation, 12 AWG, 1/C, 600 V

Dekoron Polyset, 30 mil XI. PO Insulatlon, 45 mil CSPE Jacket, 12
AWG, 3/C and Drain, 600V -

Anaconda Y Flame-Guard FR-EP, 30 mil EPR Insulatxon, 45 mil
CPE Jacket, 12 AWG, 3/C, 600 V' :

Anaconda Flame-Guard EP, 30 mil EPR Insulation, 15 mil
Individual CSPE Jackets, 45 mil Overall CSPE Jacket, 12 AWG,
3/C, 1000V

Okonite Okolon, 30 mil EPR Insulation, 15 mil CSPE Jacket, 12
AWG, 1/C, 600V

Dekoron Dekorad e 1952, 20 mil EPDM Insulation, 10 mil
Individual CSPE Jackets, 45 mil Overall CSPE Jacket, 16 AWG,
2/C TSP, 600 V

Ié;ori{; 1977, 70 mil FR Insulation, 40 mil FR Jacket, 12 AWG, 1/C,
%(gori{,e 1977, 50 mil FR Insulation, 60 FR Jacket, 12 AWG, 1/C,
RSS-6-104/LE Coaxial Cable, 22 AWG, 1/C Shielded

30 mil Firewall Silicone Rubber Insulation, Fiberglass Braided
Jacket, 16 AWG, 1/C, 600 V

5 mil Polyimide (Kapton) Insulation, Unjacketed, 12 AWG, 1/C

Bostrad 7E, 30 mil EPR Insulation, 15 mil Individual CSPE Jackets,
60 mil Overall CSPE Jacket, 16 AWG, 2/C TSP, 600 V

* This cable was only used for the multiconductor samples in the 3-month chamber.

Note: See nomenclature section for abbreviations.




2.0 EXPERIMENTAL ARRANGEMENT

21 TestStrategy -

2.1.1 Phase I-Svimulta:nebus‘Agving‘ Exposure : | | ,

Phase I consisted of simultaneous thermal and radiation aging of the cables. The agi
was performed in Sandia’s Low Intensity Cobalt Array (ué'ﬂﬁ facility. A J)ih:)g)lgra iucl)%

one of the test fixtures used in the LICA facility with a test chamber place s shown
in Figure 1. When located at the bottom of the LICA water pool, cobalt pencils were

Figure 1 Test Chamber in Fixture Used for Aging

-



laced into the test fixture. Test chambers could then be lowered into the fixture and
ocated as shown in Figure 1. Three different sets of specimens were included in this
phase, one aged to a nominal lifetime of 20 years, a second to 40 years, and a third to
60 years. Actual simulated lifetimes vary greatly because of different activation energies
of the specimens, because of the assumed service temperature, and because of test
temperature gradients. A single value of activation energy had to be chosen to keep
aging times and temperatures constant for different cables, which were all located in
common test chambers for each exposure. A value of 1.15 eV was chosen since it is in
the range of typical values for many of the polymer material that were being tested.
Based on meeting a realistic schedule together with the desire to accelerate the aging of
the cables as little as possible, periods of three, six, and nine months were chosen as the
accelerated aging times. The aging conditions assumed a plant ambient temperature of
55°C with no conductor heat rise. Conductor heat rise during normal plant operations is
rarely significant for qualified cables in containments of nuclear power plants because
most qualified power circuits are not energized during normal operation and other
circuits (control and instrumentation with low currents) have minimal heat rise. The
well-known Arrhenius equation was used to calculate the aging temperature:

t E :
2 a [.-1 -1
i

where t; and t; are two aging times (one normally being the life to be simulated), E, is
the activation energy of the material, k, is Boltzmann’s constant, and Ty and T, are the
absolute aging temperatures corresponding to t, and t;, respectively. With the desired
aging times, the assumed activation energy, and the assumed ambient conditions, the
desired aging temperature was calculated to be 95°C. The total aging dose used in
Brevious andia tests was typically 400 kGy for 40-year samples [3,5,6]. To provide a
asis for comparison to this study, the 20-year cables were aged to a nominal total dose
of 200 kGy, the 40-tycar cables to a nominal 400 kGy, and the 60-year cables to a nominal
600 kGy. Each of these total aging doses required a dose rate of about 0.09 kGy/hr.
During the aging e);gosure, cable lead wires and penetrations were shielded to reduce
ttgeir 1l'adia§ion and thermal exposures and reduce artificial failures that might occur at
ese locations. .

2.1.2 Phase II--Accident Exposure

Phase II consisted of exposing the cables to a simulated LOCA environment in Sandia’s
Area I facility. The cables were first exposed to an accident radiation dose of
approximately 1100 kGy at a dose rate of about 6 kGy/hr. This radiation exposure was
performed in Sandia’s LICA facility by reconfiguring the cobalt-60 pencils for higher
dose rate conditions. During the radiation exposure, the cable leads and penetrations
remained shielded from the radiation environment as much as possible. The samples
were then exposed to a high temperature and pressure steam environment. The test
profile was similar to the one given in IEEE 323-1974 [1] for "generic" qualification. The
cables were energized at 110 Vdc during the accident stmulation. Insulation resistance
measurements (IRs) were performed on-line throughout the test. IRs were also
measured periodically with an independent measurement technique that is more
accurate than the on-line measurement system for IRs above 10®a. No chemical spray
was used during the steam exposure, but a post-LOCA submergence test was performed
on the cables aged to a nominal equivalent of 40 years [7].




22 Test Specimens
2.2.1 Sample Selection

Samples were selected on the basis of cable availability, application in safety systems,

abundance of cable in use, and cable materials. Information gained from the NRC

Equipment Qualification Inspection Program was a major inlput for assessing current
lant usage of cables. Also considered in specimen selection was the current
PRI/University of Connecticut aging study [8].

2.2.2 Sample Preparation

For each cable type, 23-m (76-ft) lengths of cable were wrapped around a mandrel. The
effective cable length inside the test chamber was typically 4.6-6.1 m (15-20 ft), with the
remainder of the cable used for external connections. A typical mandrel hanging from a
test chamber head is shown in Figure 2. Where both single and multiconductor samples
of the same cable were tested, the single conductors were obtained by stripping the
jacket from the multiconductor and removing all filler materials. o

Additional test samples included in the aging sure consisted of insulation and jacket
specimens that were 15 cm. S_Ghin. long and sinpc and multiconductor cable samples that
were 36 cm. (14 in.) long. ‘The insulation and jacket samples (hereafter referred to as
tensile specimens) were used for tensile strength and elon&atlon testing. ‘The copper
- conductors were removed from these cable samples prior to the beginning of aging. The
36-cm cable samples (hereafter referred to as complete cable specimens) were used for
hardness and modulus testing. They were prepared by simply cutting the cables to the
desired length and stn‘{rﬁ)ing the insulation from the ends of the cable. Figure 3 shows a
:ﬁpical sample basket that these samples were placed in during aging. This basket was
en located inside the mandrel shown in Figure 2. ’ '

23 Test Description

Table 2 gives a list of the 23-m cables tested in each chamber and the associated
conductor numbers that will be used in the remainder of this report. The notation used
to describe the samples removed from the baskets inside the test chambers is shown in
Table 3. The sample identifications ending in 1, 2, and 3L from the 6-month chamber
were generated by rt:glaci_ng the §-, 4-, and 3F-month samples, rcssectively, when they
were removed from the 6-month chamber. Similarly, the sample identifications endi
in 1, 2, and 3 from the 9-month chamber were generated by replacing the 8-, 7-, an

' 6-month samples when they were removed from the 9-month chamber. Sample’
identifications that include an R designator were included in the accident radiation.
Table 4 lists the number of 15-cm. insulation and jacket specimens that were removed
from each chamber, along with the months of aging that the specimens received. Table 5
gives similar information for the 36-cm. single and multiconductor samples.

2.3.1 Radiation and Thermal Aging

Irradiation and thermal aging were performed in Sandia’s LICA facility. Dose rates in
the chambers were determined usin%l thermoluminescent dosimeters (TLDs). The cables
were installed in one of three test chambers, which were lowered into the LICA facility.
The test chamber temperature was maintained using electric wall heaters and electric
inlet air heaters. Temperature uniformity was controlled to the extent possible ?'
insul§ting the chamber and by providing air circulation. Approximately 4.7 1/s
(10 £t*/min) of outside air (about 40 air changes per hour) was introduced into the
“chamber to maintain circulation and ambient oxygen concentration. Some of the piping

used for air circulation can be seen in Figure 2.

9.



Figure 2 ical Test Mandrel Figure 3 Typical Sample Basket
Hangglung from Test Chamber Head

232 Loss-of-Coolant Accident Simulation

The accident simulation consisted of an exposure to a nominal radiation dose of 1100
kGy at 6 kGy/hr and ambient temperature, followed by a simulated LOCA steam
exposure. The intended LOCA temperature and pressure profiles are given in Table 6
and were a g)lied following the accident radiation expi;)sure. Also given in Table 6 is the
IEEE 323-1974 [1] suggested profile for a combined BWR/PWR generic test. The only
significant difference in the profiles is that the final portion of our tests was at a higher
temperature and for a shorter duration than IEEE 323 suggests. Four separate LOCA
tests were performed, one for each test chamber. However, this volume only discusses
the three LOCA tests that included XLPO cables.

2321 Saturated Versus Superheated Steam

The LOCA profile used in these tests consisted of superheated steam conditions during
the initial ramp and until 6 hours after the start of the second transient. It then
continued as saturated steam. Whether saturated or superheated steam is more severe is
not known: superheated conditions may tend to dry out the insulations and cause them to
crack, while saturated conditions provide moisture to penetrate connections or
insulations and cause shorts. However, it is generally believed that saturated conditions
tend to be more severe. The LOCA profile used in this test program was chosen because
it is representative of profiles used by the industry during actual qualification tests (i.e.,
IEEE 383-1974 {2] qualification tests).

-10-



Table 2 Cables Tested in Each Chamber and Conductor Identification

Cables Aged for 3 Months
Cable T?vpe - Conductor Tested Location on Mandrel *
- (see Table 1) Number Length (below chamber flange)
Brand Rex--1 21 ed) 52m (17 ft) 28 ¢cm (11in)
te
3 Blackg '
Firewall III--2 12 White) 5.3 m (181t) 48 cm (19 in)
13 (Black -
, 14 (Red) '
Polyset--4 - 19 g# li 58m(19ft) 64 cm (25in)
20 (#2 o
21 (#3 o
Raychem-3 .27 45m(15ft 38cm 215 in;
Raychem--3 28 45 m(15ft 41 cm (16 in
Shield for cond. 19-21 41 , :
Cables Aged for 6 Months
Brand Rex~1 - 1(Red)  46m(15f)  28cm(1lin)
' o 2 (White :
3 (Black) o .
Firewall ITI--2 12 White 5.0m (16 ft) 46 cm (18 in)
13 (Black
14 (Red) - o
Polyset--4 19 z#li 59m (19 ft) 61 cm (24 in)
20 (#2 :
21 (#3 '
- Raychem--3 27 47m(15ft) = 36 cm (14 in;
Raychem--3 28 49m(16ft) -  38cm(15in
Shield for cond. 19-21 41 ’
. Cables Aged for 9 Months
Brand Rex--1 g Red) 53m(17f)  18cm(7in) -
o én v .
3 lackgr ' : S
Firewall lI-2 - 14 White) 6.0 m (20 ft) 43 cm (17 in)
: SR 15 (Black) T
16 (Red) ‘

Co-13-



Table 2 Cables Tested in Each Chamber and Conductor Identification (cont.)

Cables Aged for 9 Months (cont.)
Cable T?'pe Conductor Tested Location on Mandrel *
(see Table 1) Number Length (below chamber flange)
Firewall ITI--2 17 (White) 6.8 m (22 ft) 48 cm (19 in)
18 (Black
19 (Red)
Polyset--4 24 (#1 6.7 m (22 ft) 66 cm (26 in)
25 (#2 -
Pol -4 %‘? ﬁi 6.9 m (23 ft) 71 cm (28 in)
olyset--4 9 m cm (28 in
28 (#2 :
29 (#3
Raychem--3 35 49 m (16 ft 28 cm (11in
Raychem--3 36 44m (14t 30 cm (12in
Raychem--3 37 44 m (14 ft 33cm(13in
Shield for cond. 24-26 55
Shield for cond. 27-29 56

* For the 3- and 6-month chambers, conductors 1-21 were wrapped on the outside of the
mandrel and conductors 22-39 were wrapped on the inside of the mandrel. For the 9-
month chamber, conductors 1-29 were wrapped on the outside of the mandrel and
conductors 30-50 were wrapped on the inside ot the mandrel.

24 Monitoring During Testing
24.1 Cable Condition Monitoring During Aging

This section describes the condition monitoring measurements that were performed on
the cables during the aging exposure.

24.1.1  Electrical Techniques

a. Insulation resistance (IR) and polarization index (PI, the ratio of IR at two different
times) between each conductor and all other conductors connected tg%e_ﬂ_l_c_: We
performed the measurements at nominal voltages of 50, 100, and 250 Vdc. IR/PI
measurements for single conductors are much more difficult to interpret than those
for shielded and/or multiconductor cables because the single conductor cables have
a much less lprecisely defined ground plane. Our measurements were alwag's
performed relative to the same ground plane in the same configuration. Thus, the
single conductor measurements will at least indicate trends in IR that result from
global degradation. Local degradation of a single conductor cable may be outside
the effective ground plane and may therefore not be detected. Such undetectable




local degradation is not limited to single conductors, however, since the ground
plane for unshielded multiconductors is, at least in part, based on insulated
conductors. Appendix A gives a discussion of IR and PI measurements and the
circuitry used to measure them. o

" Table3 Identification of Samples in Baskets

Sample ID # Chamber Months aging
xx-3-3° 3 Entire 3 month exposure :
xx-3-3R 3 Entire 3 month exposure and accident radiation
xx-6-3F 6 First 3 months of exposure
- xx-6-4 6 First 4 months of exposure
xx-6-5 6 'First 5 months of exposure
xx-6-6 6 Entire 6 month exposure
xx-6-6R 6 Entire 6 month exposure and accident radiation
. xx-6-R 6 “Accident radiation exposure only
xx-6-3L 6 Last 3 months of exposure
xx-6-2 6 Last 2 months of exposure
xx-6-1 6 Last 1 month of exposure
xx-9-6 9 First 6 months of exposure
xx-9-7 9 First 7 months of exposure
xx-9-8 9 First 8 months of exposure
xx-9-9 9 . Entire 9 month exposure .
xx-9-9R 9 Entire 9 month exposure and accident radiation
xx-9-3 9 Last 3 months of exposure
xx-9-2 9 Last 2 months of exposure
xx-9-1 9 Last 1 month of exposure

* xx denotes the cable number as given by Table 1.

b.
[ . Capacitance measurements give an indication of the dielectric
charge/voltage characteristics and dissipation factor gives a measure of the AC
resistive leakage current in the cables. ese measurements, like IR/PI, are more
difficult to apply and interpret when single conductor cables are tested. Note that
once capacitance and dissipation factor are known, many other cable parameters

~can be calculated, such as complex transfer function magnitude and phase, effective
cable resistance, power factor, real and imaginary (loss) components of complex
capacitance, and loss angle.

2412  Mechanical Techniques

a. Mmmmmw&j%mmm This measurement determines the
amount that the cable will stretch prior to failure. We performed these
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measurements with an Instron Model 1000 load tester and an incremental

extensometer that has a resolution of 10% elongation. The samples were stretched
" at a rate of 127 mm/min (5 in/min). The measurements were performed on the

small test specimens discussed in Section 2.2. This is, of course, a destructive test.

The force output from the load tester was fed into a data logger that was interfaced
with a Hewlett Packard Model 216 computer. The incremental extensometer
triggered the data loger to make a force reading each time the specimen stretched
an additional 10%. In this way, a complete force-elongation (or stress-strain) curve
was obtained with data at every 10% elongation.

b. Ultimate tensile strength of the tensile specimens. This measurement was made
together with elongation measurements and is defined as the force at break divided
by the initial cross sectional area of the material.

Table 4 Number of 15-cm Specimens Removed at Each Test Condition

Insulation

Cham. # 3 3 6 6 6 6 6 6 9 9 9 9 9
Month # 3 3R 3F/3L°4/25/1 6 6R R 6/37/28/1 9 9R
Cable Type

Brand Rex 12 9 7 9 11 14 4 10 7 9 11 14 4
Rockbestos 13 9 7 9 11 13 4 10 7 9 11 13 4
Raychem 10 6 5 6 7 10 4 9 S 6 7 10 4
Dekoron 13 9 7 9 11 14 4 10 7 9 11 14 4
Jacket

Cham. # 3 3 6 6 6 6 6 9 9 9 9 9
Month # 3 3R 3F/3L'4/25/1 6 6R R 6/3 7/28/1 9 9R
Cable Type :

Brand Rex 13 10 3 S 6 9 3 6 3 5 6 9 3
Rockbestos 13 10 3 S 6 9 3 6 3 5 6 9 3
Raychem 0 O 0 0O 0 0 0 O 0O 0 0 0 O
Dekoron 13 10 3 5 6 9 3 6 3 5 6 9 3

* When the 3-, 4-, and 5-month specimens were removed from the 6-month chamber and
when the 6-, 7-, and 8-month specimens were removed from the 9-month chamber, they
were replaced with an equal number of unaged specimens. Thus, the values shown for
these cases represent two different sets of specimens. '
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Table 5 Number of 36-cm Specimens Removed ;u E;ch Test Coﬁdition

Single Conductor

Cham.# 3 3 6 6 6 6 6 6 9 9 9 9 ¢

Month # 3 3R 3F/3L'4/25/1 6 6R R 6/37/28/1 9 9R

Brand Rex 8§ 6 4 S 710 3 7 4 5 7 10 3

Rockbestos 8 6 4 6 7 11 3 10 4 6 7 11 3

Raychem 8 6 4 6 7 10 3 7 4 6 7 10 3

Dekoron 8 6 3 5§ 6 8 310 3 5 6 8 3

Multiconductor

Cham. # 3 3 6.6 6 6 6 6 9 9 9 9 9

Month # 3 3R 3F/3L°4/25/1 6 6R R . 6/37/28/1 9 9R

Cable Type o

Brand Rex 1 2 1 11 11 2 1 1 1 1 1

Rockbestos 2 2 1 1 11 1 2 1 1 1 1 1

Raychem 0 0 o o 0 0 0 0 0 O O O O

Dekoron 1 2 1 111 1 2 -1 1 1 1 1

* See footnote to table 4.

c. Modulus profiling of npl imens. Modulus profiles were
acquired using an apparatus developed at Sandia [9,10]. The modulus is the slope
of the stress versus strain curve in the initial linear tportion of the curve, e

the sample across its cross

modulus Iprofile gives information on the modulus o
section. It also gives an indication of the uniformity of the agin&process [9,10]). The
primary purpose for using modulus profiling was to establish the uniformity of the
aging1 process, and therefore, this technique was used only on a few selected
samples. ' 3 : - ‘

To perform the modulus profiles, 1.25-cm samples were cut from the 36-cm cable
specimens. For cable products that were tested in both single and multiconductor
configurations, samples were only removed from the multiconductor 36-cm

- specimens because oxygen diffusion effects will be most severe in the

multiconductors. In some cases, the 1.25-cm samples were surrounded with heat

- shrinkable tubing to hold them in glace. ‘The samples were then encapsulated in

: ggoxy, allowed to cure, and polishe

prior to the modulus measurements. Figure 4
ows a diagram of a typical multiconductor cable prepared for testing. For cable

- products sugplied as single conductors, modulus profile samples were prepared in a
similar fashion, but four single conductor samples were typically grouped in a2
diamond pattern for potting in epoxy. For the multiconductors, modulus testing
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would ?gically proceed across the centerline of two specimens from the point
labelled "start measurement” to the point labelled "end measurement.” The
measurements would be performed on the first cable’s insulation, wrap (if used),
and jacket, and then measurements would be performed on the second cable’s
jacket, wrap (if used), and insulation. For single conductors, a similar path through
two cable samples was followed.

Table 6 Intended LOCA Profile and IEEE 323-1974 [1]}
PWR/BWR Combined Temperature Profile

Intended Profile IEEE 323 Profile
Absolute
Time Tem'Perature Pressure Tem?eramre
(O (kPa) >

0-10s Ambient-138  101-339 57-138

10s - Smin 138-171 339-584 138-171
Smin-3hbr 171 584 } 171

3-5hr 171-60 584-101 ‘ 171-60

Reset time to 0 for the next portion of the tests

0-10s 60-13 101-339 60-138

10s - S min 138-171 339-584 138-171
Smin-3hr 1 584 ’ 171
3hr-6hr : 160 584 160
6hr-10hr 149 462 149
10br-91 hr 121 206 121
91hr-end* 121 206 . 93

* IEEE 323-1974 implies that the test should be continued for 100 days for a combined
PWR/BWR simulation. Our intended test profile was at a higher temperature and
lasted until 240 hr (10 days) after the beginning of the second transient.

d.

Modulus tests using Frankli nter’s cable inden n
EPRI funding [12, 3}. This test measures penetration force of a blunt conical

probe as a function of penetration depth. The compressive modulus is defined as

' AF/ax, where ax is the change in depth of penetration for a given change in force
AF. In all of our tests, AF was defined as 6.7 N (1.5 1b), beﬁ;inning at22 N (05 1b)
and ending at 8.9 N (2.0 1b). A key advant?e of this indenter modulus
mea.surtgmgn}dis that it is a nondestructive test and therefore may be realistic for
use in the field.

The outputs of the cable indenter were fed into a data logger that was interfaced to
a Hewlett Packard Model 216 computer. Thus, the entire force-displacement
curve was obtained. A sample curve is shown in Figure 5. As the indenter

enetrates the material, the force increases as shown on the left part of the figure,
The force during retraction of the indenter, as shown on the right part of the figure,
is sub‘s:itlantially lower at the same displacement because of hysteresis in the
material,
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e. Hardness testing of cable insulation and jacket materials. Hardness is a measure of
the material’s resistance to local penetration. In this pro a Shore Durometer
Type A2 was used for the measurements. The previousg discussed techniques of
modulus groﬁling and indenter modulus testing give more quantitative information,
but the hardness tests were included since they represent a very simple,
nondestructive field measurement technique.

f. B_ul_k_dg_%simg_tﬁmﬂmpjgg. Samples for density measurement were on the order
of S mm?* and were removed from 15-cm insulation and jacket specimens that were
not used for tensile testing. Density profiling has demonstrated that density tends to
increase with aging [10, 11], but similar to modulus, density may be subject to
gradients resulting from oxygen diffusion effects. In this program, bulk density was
measured and the modulus profiling was used to give an indication of the gradients
resulting from oxygen diffusion. Density profiling was not performed because it is
considerably more tedious than modulus profiling and tends to yield complementary
information. The density measurements were performed in density gradient
columns covering a range from 1.20 to 1.55 g/cm’,

242  Monitoring of Test Environment

Nominally 18 type K thermocouqles were positioned near the cables in each test
chamber. Additional thermocoug es were positioned near the baskets of tensile and
complete cable specimens. Two of the thermocouples in each chamber were connected
to a strip chart recorder durins ::,giniland other thermocouples were used for control of
the aging temperature as needed. All of the thermocouples were connected to a data
logger, which recorded the thermal aging temperature histories. The data logger was
interfaced to a computer for storage of data. A pressure transducer monitored chamber
pressure during aging and a flow meter monitored the air flow delivered to the chamber
during aging. A similar configuration of temperature and pressure monitoring was used
during the accident exposure. o

Automated measurements of temperature and (g;_lessure during the accident exposure
were made at intervals varying from 10 seconds during transient ramps in the profile to
5 minutes during long steady portions of the profile. Measurements during aging were
typically made at 1-hour intervals.

243  Cable Monitoring During Accident Simulations

Throughout the accident simulations, the cables were normally powered at a nominal
voltage of 110 Vdc with no current. Because many instrumentation circuits operate at
voltages below 110 Vdc, during the second steam exposure at 171°C (340°F) of AT3, the
voltage was reduced to 45 Vdc for 1 hour as shown in Figure 6. Similarly, during AT6,
the voltage was reduced to 45 Vdc for 20 hours as shown in Figure 7. During all other
LOCA testing, the voltage was at the nominal 110 Vdc, Insulation resistance (IR) was
monitored using the circuits and apparatus shown in Figures 8-9. The conductor
numbers used in the figures are based on the conductor numbers in Table 2. As shown
in the figures, some individual conductors of some multiconductors were connected to
gound to helgsprovide a ground plane. The IRs were measured at intervals ranging

om 10 seconds to 5 minutes. These IRs will subsequently be referred to as continuous
IRs, even though they were not truly continuous. were also measured at discrete
intervals usin% the Keithley electrometer a&paratus that is discussed in ApgendixA.
These will subsequently be referred to as the Keithley IRs. The Keithley IRs were
performed at nominal voltages of S0V, 100V, and 250 V. The actual applied volta%e
during a tﬁivem measurement can be approximated from Table A-1 in Appendix A, In
general, the actual applied voltage was not more than 10% below the nominal except for
cables with IRs below 18 kn at 50 V, 18 ka at 100 V, or 556 ko at 250 V.
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While the continuous IRs are quite accurate down as low as about 100 g, 2 number of
factors limit the upper IR that can be measured with reasonable accuracy. The data
logger resolution and accuracy are important factors. Under the conditions during
testing, the Hewlett Packard 3497A data loggers have an accuracy of about +4 xV with a
resolution of 1 xV. This would give an apparent upper limit of about 25 Ma (for the
tested length) to maintain 10% accuracy in the measurement ﬁor about 1 Mn-100 m).
Because the method of measurement relies on measuring a voltage change on top
of a floating voltage of 110 V, further inaccuracy can result in the IR measurements as a
result of capacitive char'%ing effects in the data logger circuitry, which are greatest when
the scan rate is fastest. In spite of these effects, the Keithley measurements show that in
most cases (particularly when the scan rate was slow), the continuous system effectively
measured IRs that were somewhat higher than 1 Ma-100 m.

25 Environmental Data
2.5.1 = Thermal Exposure Data

'The temperatures and air flow rates to each chamber are given in Appendix B. The
'fressure in each chamber was maintained slightly above ambient to prevent water
eakage into the chamber. The pressure was not continuously recorded nor controlled.
With Albuquerque’s altitude reducing ambient pressure by about 20% from sea level
conditions, the positive gage pressure in the test chamber resulted in an actual absolute
pressure close to ambient pressure at sea level.

252  Radiation Exposure Data

The radiation dose rates that the complete cable samples were exposed to are given in
Table 7. Similar data for the small cable samples and the tensile samples may be found
in Appendix B. As a result of test chamber rotations (the 6- and 9-month chambers were
rotated half wa¥ through the exposures), the radiation aging data in Appendix B include
two dose rates for some samples. The radiation exposure data includes shielding effects
caused by the large number of cables in the sample baskets. It should be noted that the
actual total doses were lower than the nominal desired values primarily because of
shielding effects and radiation gradients in the test chambers. The estimated uncertainty
in the radiation aging exposure data is +20%.

253  Accident Radiation Exposure

The accident radiation exposure followed the aging exposure. The dose rates to the
complete cable samples during the accident radiation exposures are given in Table 7,
along with the total integrated dose to the complete cables. Similar data for the small
cable samples and the tensile samples may be found in Appendix B. The estimated
uncertainty in the accident exposure data is $10%. The accident radiation exposure time
was 209 hours for AT3, 193 hours for AT6, and 192.5 hours for AT9. Different times
were used for each exposure to account for radioactive source decay.

2.54 Loss-of-Coolant Accident Simulation Environmental Data

The temperature and pressure profiles during AT3 are shown in Figures 10-11. The
temperature and pressure protiles during AT6 are shown in Figures 12-13. The
temperature and pressure profiles during AT9 are shown in Fi1 es 14-15. As these
figures demonstrate, all of the accident tes!rproﬁles were very similar, The temperatures
during the transients to 171°C are given in Table B-5 in Appendix B.
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Table 7 Exposure Data for Complete Cables

Conductors Aging Agingv Accident Total
Dose Rate Dose Dose Rate Dose

Min(‘f&gr)m (ﬁ(v;g) (C'X‘/rgr) Min (kGy)

Avg Max

Cables Aged for 3 Months
13 28 72 120 160 5000 1110 1190 1300 Brand Rex
1214 34 78 130 170 5400 1210 1290 1400 Rockbestos
1921 31 75 120 160 4600 1050 1130 1240 Polyset
27 33 77 130 170 5400 1210 1290 1400 Raychem
22 33 77 130 170 5400 1220 1300 1410 Raychem

Cables Aged for 6 Mouths
13 25 6 110 280 5200 1220 1280 1330 Brand Rex
1214 27 64 110 290 5700 1330 1390 1430 Rockbestos
1921 25 62 110 280 5100 1190 1250 1300 Polyset
27 26 64 110 290 5600 1310 1360 1410 Raychem
28 27 64 110 290 5700 1320 1380 1430 Raychem

Cables Aged for 9 Months
13 20 68 120 450 4200 1250 1270 1300 Brand Rex
1416 35 84 140 S60 5700 1640 1660 1690 Rockbestos
1719 . 35 84 140 S60 5600 1630 1650 1670 Rockbestos
2426 31 80 140 530 4700 1410 1430 1460 Polyset
2729 29 77 130 520 4200 1310 1330 1360 Polyset
35 30 78 130 520 5200 1500 1520 1550 Raychem
3 31 80 140 530 5400 1550 1560 1590 Raychem
37 32 81 140 540 5500 1580 1600 1630 Raychem
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3.0 CONDITION MONITORING TEST DATA AND RESULTS

Plots of test data from the different condition monitoring measurements are presented in
this section and the referenced appendices. Because different parts of each complete
cable were exposed to different total doses (due to spatial dose rate variations in the test
chambers), there was no unique total dose for the complete cables when the electrical
properties were measured. Thus, electrical property data is plotted against months of
exposure. Mechanical property data, on the other hand, is plotted against total radiation
dose since the small aged samples had unique total doses. Because of radiation
gradients in the test chambers, equal total dose does not necessarily imply an eciual
-amount of simultaneous thermal aging, although it does to a first approximation. Plots
of mechanical £ropenics versus aging time are similar to, but not as consistent as the
plots versus radiation dose, tending to indicate that radiation degradation was probably
- dominant over thermal aging for most of the materials tested under our simultaneous

“aging conditions. In the mechanical property plots, data from the aging portion of the
exposure is coupled with data for the aging plus accident radiation exposures. The data
-below 600 kGy is from the aging exposures. The data above 600 kGy is from the aging
plus accident radiation exposures, including, in many cases, data from unaged samples
that were exposed to accident radiation only. Unafed samples that were exposed to
accident radiation only give a data point at about 800-1000 kGy.

Insulation resistance measurements were performed prior to the combined therma! and
radiation aging; at one-month intervals durin, aginl%; after aging, but before accident
radiation; and after accident radiation. Plots of the IR data during aging at 50 V, 160 V,
and 250 V and of the PI data during aging at 250 V are given in Kp ndix C. The plots
in Appendix C show the averages and one standard deviation range (shown as error bars
about each point) of the cables from the three test chambers. The standard deviation is
the directly calculated standard deviation of the data, not the standard deviation of the
mean. It should be recognized that standard deviations are of somewhat limited value
when only two or three samples exist. However, the standard deviation bands do give
.some idea of the range of the measurements for different samples. The IR is calculated
on a 100-m basis, with only the length of the cable inside the test chamber considered in
the calculation. This is a very good assumption for measurements performed at the
aging temperature, since the cable inside the chamber dominates the measurement.

owever, for ambient temperature measurements, the length of cable outside the
chamber may have a significant impact on the measurement. The discussion that follows

- will focus on the measurements performed at the aging temperature. The IR plots in

Appendix C include the data from the ambient temperature measurements. -

In the leots of Appendix C, data from the cables in the three different test chambers are
plotted together. Although the same amount of aging time in the different chambers
does not produce exactly the same conditions, the variation is not significant for these
plots. e data generally show excellent agreement for cables that were aged in
different test chambers. The PI that was used for the plots in Appendix C is the ratio of
the IR at 5 min to the IR at 30 s. o ,
The IRs of the Brand Rex cables (Figurcs C1-C3) at the aF,ing temperature were largely
constant throughout aiing, but thav id decrease slight%y during the first four months of
?ﬁing and increase slightly during the last five months of aging. The Rockbestos Firewall
cables (Figures C4-C6) had IR decreases of 2 orders of magnitude at all voltage levels
during the first 3-4 months of aging.. However, after 4 months, the IRs began increasing
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again and recovered almost an order of magnitude over the last 6 months. The
behaviors of the Brand Rex and Rockbestos IRs were somewhat similar, but the change
in IR of the Rockbestos cable was much more significant. The IR of the Polyset cables
(Figures C7-C9) increased by about a factor of two during the entire aging, while the IR
of the Polyset jacket (Figures C10-C12) was constant until about 7 months of a%ng,
where it began an order of magnitude decrease. The IR of the Raychem cables
(Figures C13-C15) at the aging temperature was essentially constant throughout aging,

The PI of the Brand Rex cable (Fi.Fure C16) dropped from 1.8 to 1.2 during the first
4 months of aii;:g, but then increased back to about 1.5. The PI of the Rockbestos cable

igure C17) a trend very similar to that of the Brand Rex, with the PI decreasing

m 1.6 to 1.0 during the first 3 months of aging, followed by an increase back to 1.2.
The PI of the Polyset cable (Figure C18) increased sli %htly from 1.8 to 2.0, but then
decreased slightly back to about 1.9. e Polyset jaci et (Figure C19) had a fairly
constant PI of 1.06 during the first 4 months of aging, but then began a consistent
decrease to 1.0 at the end of the 9-month exposure. Because of the high IRs of the
Raychem cables, the PIs (Figure C20) were more difficult to measure and they had much
morghvgrzitbility than the PIs of other cables. Therefore, no clear trends could be
establishe -

The last part of Appendix C presents the results of some additional IR and PI
measurements that were not included in the figures of Appendix C. These include
measurements of IR and PI that were performed after accident radiation and PI
measurements that were performed at ambient temperature.

32 Capacitance and Dissipation Factor During Aging

Capacitance and dissipation factor were measured as described in Appendix A. The
measurements were performed monthly on the cables in the 6- and 9-month test
chambers and covered a frequency range from about 0.3 Hz-500 kHz. In this report, (g'xlll
the data from the cables contained in the 9-month chamber will be presented in detai
However, limited data from the 6-month chamber will be discussed as appropriate.
Figures 16 and 17 show sample capacitance and dissipation factor data plotted against
frequency, with months of aging as a parameter. Only five selected monthly intervals are
plotted to prevent the plots from becoming unreadable. In Appendix D, plots of
capacitance and dissipation factor are given for each individual conductor versus amount
of aging, with frequency as a parameter. The five frequencies selected for the plots were
chosen in the lower frequency range, where the greatest changes were typically observed
with aging (when notable changes did occur). Plots that are shown in this section use the
averages of several tested conductors of the same cable type.

- The capacitance of the Brand Rex conductors (Figures D1-D3) had a slight increase
during the first 2 months of aging and was essentially constant beg'ond that point. The
changes were not highly dependent on frequency over a wide frequency range. The
baseline capacitance of the Brand Rex cables varied by about 25% over the freauency
range tested. Figure 18 shows the average capacitance of all of the Brand Rex
conductors in the 6-month chamber. The data in Figure 18 compares very well with
Figures D1-D3. The capacitance of the Rockbestos conductors (Figures D4-D9)
- increased by about 30% with aging over much of the fre?uency range tested. The

- capacitance was also largely independent of frequeng at al agn times. As with the
- Brand Rex cable, capacitance data from the cables in the 6-month chamber matched that

in Figures D4-D9 ve?»well.' The capacitance of the Dekoron Polyset conductors

(Figures D10-D15) did not change significantly with either aging or frequency. The

capacitance of the Raychem conductors (Figures D16-D18) had no change with aging.

There was a slight dependence on frequency, with the capacitance decreasing at
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increased freqluency. Data from the cables in the 6-month chamber gave results that

wegle very similar to that from the 9-month chamber for both the Polyset and Raychem
cables.

The dissipation factor of the Brand Rex conductors (Figures D19-D21) dropped from
about 0.07 to 0.03 at 1.52 Hz, with most of the change during the first 3 months of aging.
Dissipation factor data from the 6-month chamber cables did not show as great a change,
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decreasin%l from 0.06 to 0.05 at 1.52 Hz during the first 3 months of aging. The 0.24 Hz
data for the Brand Rex cables was quite variable, with no consistent trend. Figure 19
shows the Brand Rex dissipation factor tKlotted against frequency from the conductors in
the 9-month chamber. Figure 20 gives the same plot from the conductors in the 6-month
chamber. A very significant dissipation factor increase is noted between the baseline and
3-month measurements at frequencies from 1-100 kHz for the conductors from both the
6- and 9-month chambers. This change is in contrast to the decreases in dissipation
factor that occurred at lower frequencies. As shown in Figures 19 and 20, a significant
part of the increase at frequencies between 1 and 100 kHz occurred during the first
month of aging.

The dissipation factor at 0.24 Hz of the Rockbestos conductors (Figures D22-D27) from
the 9-month chamber tended to show a peak at 3-5 months of aging. This peak occurred
at nearly the same time that the minimum IRs of the Rockbestos conductors occurred
(see Figures C4-C6). At other frequencies, peaks with aging also occurred at about 3-5
months of aging. For com-garison, the average dissipation factor at 0.24 Hz for the
Rockbestos conductors in the 6-month test chamber was 0.46 after 3 months of aging,
0.86 after 4 months of aging, and 0.18 after 5 months of e:ging. These values compare
well with the values from the 9-month chamber shown in ;()Pendix D. The dissipation
factors of the Dekoron conductors (Figures D28-D33) and the Raychem conductors
(Figures D34-D36) did not show any consistent trends with aging.

3.3 Elongation and Tensile Strength During Aging

Plots of T/T,, tensile strength normalized to unaged values, and of /ey, absolute
elongation relative to the unaged values, are shown in Appendix E. In the plots, tensile
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strength is defined as the force at break of the specimen divided by the original cross-
sectional area of the unaged specimen. Although the force at break is also usually the
maximum force applied to the specimen, such is not necessarily the case. Since the
unaged area of a given cable type is nominally a constant, T/T, reduces to the ratio of
the force re%l]ired to break an aged specimen to the force required to break an unaged
specimen. Thus, the precise cross-sectional area is only necessary to provide absolute
scaling for the plots. For reference, the tensile strength of the unaged specimens is noted
01/1 eacih plot. Similarly, the elongation at break of unaged specimens, ey, is noted on the
e/eq plots.

In Appendix E, all plots are shown versus total radiation dose. Where a tensile strength
is shown on the plots as 0%, this indicates that the sample broke before reaching 10%
elongation, and therefore, no tensile strength measurement was obtained. It should also
be recalled that the resolution of the elongation measurements was 10% absolute. Thus,
measurements at 0-20% elongation have somewhat more uncertainty than
measurements of higher elongations. Note that unmeasurable elongation, especially of
the jacket material, does not imply that a cable is no longer functional. Results from
accident tests of the cables are discussed in Section 4.0.

Figure E-1 shows that the elongation of the Brand Rex insulation decreased to 20% of its
initial value after a total aging dose of 400 kGy. The accident radiation caused a further
decrease to below 10% of initial elongation. Interestingly, three unaged samples that
were exposed only to accident radiation broke at elongations below 10%. Figure B-2
shows that tensile strength of the Brand Rex insulation increased by about 30% with a
total aging dose of 400 kGy. The accident radiation exposure resulted in mixed behavior
with a siﬁ;nificant decrease in tensile strength after the 6- and 9-month aging exposures,
but very little decrease after the 3-month exposure. Tensile strength of the samples with
accident radiation only could not be obtained because of the low elongation of those
specimens.

Figure E-3 shows that the elongation of the Brand Rex jacket decreased to 0% of its
initial value after a total aging dose of 200 kGy. Following accident radiation, all
samples except those that had not been aged were down to 0% elongation. The samples
that receive onPIy accident radiation had their elongations fall to about 30% of their
initial values. Figure E-4 shows that the tensile strength of the Brand Rex jacket
decreased to 10% of its initial value after 200 kGy. Beyond that point, tensile strength
could not be measured because the elongation was below 10%. The only tensile stren
that could be measured after the accident radiation exposure was for the unaged cables,
which showed almost no change as a result of the accident radiation exposure.

Figure B-5 shows that the elongation of the Rockbestos insulation first increased by
about 10% of its initial value, then fell to 25% of its initial value after 400 kGy of aging
exposure. In all cases, no elongations were measurable after the accident irradiations.
The initial increase in elongation is grobably a result of radiation causing additional
curing (i.e., crosslinking) of the XILPO insulation. Tensile strength of the Rockbestos
insulation, as shown in Figure E-6, remained essentially constant throughout the aging
exposures. After the accident radiations, the tensile strength could not be measured.

F{i;ure E-7 shows that the relative elongation of the Rockbestos neoprene jacket fell to
0% within the first 100kG¥ of aging exposure. Because thermal aging is expected to
dominate the degradation of neoprene at our conditions [14], the data from Figure E-7
should not be used to make assessments of the generic radiation damage threshold of
neoprene. The tensile strength of neoprene, as shown in Figure E-8, also decreased with
aging exposure, but only a few valid data points could be obtained because the
elongation fell below 10% very quickly.
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Fi%ure E-9 shows that the elongation of the Dekoron insulation fell to 40% of its original
value after 400 kGy of exposure. The accident radiation caused further decreases in
elongation, down to about 10% of the initial value when co%pled with aging exposures.
The tensile strength of the Dekoron insulation, shown in Figure E-10, had very little
change with aging or accident radiation exposure.

Figure E-11 shows that the elongation of the Dekoron CSPE jacket fell to 3% of its
initial value after 400 kGy of aging exposure. The accident exposure caused a further,
consistent decrease in elongation in each case tested. P;guxe E-12 shows that the tensile
strength of the Dekoron CSPE jacket decreased to 70% of its initial value by 400 kGy.
The tensile strength measurement, at about 400 kGJ’ was somewhat variable, but
notably lower than the previous measurements. The accident radiation exposure caused
mixed results. The unaged jacket and the jacket aged for 3 months had little change with
accident radiation. The jacket aged for 6 months had a fairly significant decrease in
tensile strength after the accident radiation exposure, but the results displayed some
scatter. The data points at 400 kGy and at 1100 kGy indicate the possibility of a
threshold effect, above which the tensile strength decreases significantly.

Figure E-13 shows that elongation of the Raychem insulation decreased to about 3% of

its initial value after 400 kGy of aging exposure. After all accident irradiations, no

elongations were measurable. Tensile strength of the Ra&;:hcm insulation, as shown in

Figure E-14, first decreased to 85% of its initial value by 100 kGy of aggltg exposure, then

increased to 120% of its initial value by 400 kGy of aging exposure. After the accident

li%tgations, the tensile strength could not be measured because the elongation was below
c.

In mary, elongation consistently decreases with aging (except for the early exposure
of the Roczbestos insulation). Based on the data in glpe,ndix , Table 8 gives estimates
of the total dose (under our simultaneous aging conditions) to retention of 75%, 50%,
- 25%, and 10% of 1nitial elongation of each insulation and jacket material, except for the
Rockbestos neoprene jacket. The neoprene is not included because, under the
conditions of our test, thermal aging dominates the degradation. The data in Table 8
and’in Apfpendix E indicate that elongation is generally a fairly sensitive measure of the
amount of aging up to the total dose where very little residual elongation remains. When
using the data in Appendix D or Table 8 to compare different cable materials, it is
important to note baseline elongation differences. For example, Rockbestos XLPE
insulation at e/ep = 0.25 corresponds to an elongation of 60%, while Raychem XLPE
insulation at e/e, = 0.25 corresponds to an elongation of 130%. -

Tensile strength showed some change with aging for the Brand Rex and R_altychem
XLPOs, but almost no change for the Rockbestos and Dekoron materials. Tensile
strength of the Rockbestos jacket showed a raﬂid decrease, but only a few points could
be measured because the elongation quickly fell below 10%. The Brand Rex jacket had
a fairly consistent and significant decrease in tensile strength, while the Dekoron jacket
had only a slight decrease in tensile strength. :

34 Modulus During Aging Using the EPRI Cable Indenter

Plots of indenter modulus relative to the initial value (M/M,) are presented in
Appendix F as a function of total radiation dose. For reference, the baseline modulus,
is shown on the plots. '

The indenter modulus of the Brand Rex insulation (Figure F-1), the Rockbestos

insulation (Figure F-3), the Dekoron insulation (Figure F-5), and the Raychem
insulation (Figure F-7) all had somewhat inconsistent behavior, although an increase of
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erhaps 50% in modulus is possibly indicated. The Dekoron and Raychem insulations
Eagl e more consistent behavior, especially the Raychem insulation after accident
radiations. :

Table 8 Estimated Total Doses to Retention of Various Elongations

Material €0 Total Dose (kGy) to e/eq of *
5% 50% 25% 10%
Brand Rex XI.PE 320% 80 140 300 b
Rockbestos XLPE 240% 200 300 400 b
Dekoron XLPO 350% 100 230 b *s
Raychem XLPE 520% 50 80 100 230
Brand Rex CSPE Jacket 330% 20 30 100 140
Dekoron CSPE Jacket 360% 20 70 200 280

*  Total dose with simultaneous thermal aging at 95-100°C.
**  These material never reached the indicated e/e, during aging.

Figure F-2 shows the indenter modulus of the Brand Rex CSPE d'acket. This material

shows a strong upward trend with aging, especially when the total dose exceeds 200 kGy.

It is interesting to note that 200 is just about the point where the elongation fell to

gﬁar 0%. The accident radiation exposures caused the indenter modulus to increase in
cases.

Figure F-4 shows the indenter modulus for the Rockbestos neoprene jacket, A strong
upward trend is evident, with the indenter modulus reaching 2000% of its original value
at about 400 kGy. Note that elongation measurements (see Figure BE-7) showed no
change on this material beyond a total radiation dose of about 50 kGy (the material was
below 10% elongation). It should be recalled that at our simultaneous aging conditions,
neoprene degradation is dominated by thermal aging rather than radiation aging. Thus,
the trends during the aging portion of the exposure should be interpreted as applying
more to thermal aging, rather than radiation aging. The accident radiation exposure
caused mixed results, with the modulus increasing for the materials that were unaged or
gged f?l:s 6 months and the modulus decreasing for the materials that were aged for 3 or
months,

Figure F-6 shows the indenter modulus of the Dekoron CSPE jacket. The initial trend is
u d but inconsistent. At about 400 kGé’ a sha:g upward trend occurs. Note that the
elongation was essentially at 0% by 400 kGy (see Figure E-11), £xst where the indenter
modulus began its most significant changes. The accident radiation exposure caused
increases in indenter modulus under all test conditions.

3.5 Hardness During Aging
Plots of hardness relative to the initial value (H/H,) are presented in the second part of

Appendix F as a function of total radiation dose. For reference, the baseline hardness,
Hg is shown on the plots. -
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The bardness of the XLPO insulations are not presented because they were all too hard
(Shore "A2" readings of 88-96) prior to agmg to detect any significant changes with the
- tester we were using (effective upper limit of our tester was about 92). Hardness of the
Brand Rex jacket % igure F-8) increased by 75% during aging, hardness of the
Rockbestos jacket (Figure F-9) increased by 25% during aging, and hardness of the
Dekoron jacket (Figure F-10) increased by 15% during aging. In each case, the upward
trends were quite consistent. It is important to note that some of the measurements were
close to, or beyond, the effective ugrer limit of the tester range. Readings above 92 are
-not included on the plots. Hence, although the plots in Appendix F do not reflect it, the
hardness may continue to increase beyond what is shown on the plots. An attempt at
using a Shore "D2" durometer that could measure harder materials caused permanent
damage to a sample that was tested, and hence no additional testing was conducted.

36 Bulk Density During Aging

Plots of density relative to the initial value (D/Do) are presented in Appendix G as a
function of total radiation dose. For reference, the baseline density, Dy, is shown on the
plots. Note that small changes in density are readily detectable, so that a change of only
1-2% can be significant. . C : ‘ . : ,

_The density of Brand Rex insulation (Figure G-1) had a consistent increase to 1.5%

above the initial value. The accident radiation generally increased the density slightly,
- but after the 9-month aging exposure, the density decreased slightly as a result of the
accident radiation exposure. The density of Brand Rex CSPE jacket (Figure G-2) first
increased until the total dose reached 100 kGy, then decreased during the remainder of
the tﬁgigg exposure. The accident radiation exposure did not produce any notable effects
on the density. , . o ,

The density of Rockbestos insulation (Figure G-S% changed significantly during aging,
- increasing to 3.5% above the baseline value. For the conditions tested, accident
radiation also caused increases in density. The density of the Rockbestos neoprene
jacket was too high to be measured with our density gradient columns.

The density of Dekoron insulation (F'%?re G-4) did not change consistently with either
aging or accident radiation exposures. However, the Dekoron CSPE 1’(acket (Figure G-5)
had a very consistent trend with aging, increasing by 3% over the 400 exposure. The
accident radiation exposure did not affect the density of the Dekoron jacket.

The density of Raychem insulation (F%‘ure G-5) ap?éaxed to increase with éging, but the
trend was somewhat inconsistent. e effects of the accident radiation exposure on
density was mixed.

37 Modulus Profiles During Aging |

Plots of modulus profiles are presented in Appendix H. In most cases, only baseline
samples and samples that were aged for 9 months are included. The figures indicate
which data is for the insulations and which data is for the jackets (Ssee Figure 4). Each of
the figures includes data for one pair of cable samples removed from the same 36-cm
~ cable specimen. The center line of the plot represents the intersection of the two
surfaces that were exposed to air during aging. A flat profile through a material is
generally expected for unaged samples. - A flat profile after aging (assuming a reasonable
change in modulus from baseline conditions) generally indicates the absence of
signiécant oxygen diffusion effects. , o

Oxygen diffusion effects occur when agi g reactions use oxygén in the material more
rapidly than it can be replenished through diffusion. In such cases, material further from
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the oxyﬁ’en supply (i.e., the ambient air) participates less fully in reactions involvin

oxygen, [eading to non-uniform aging. Because aging generally increases the modulus o

the materials used in this study, diffusion effects normally result in larger modulus
increases at edges that have been exposed to oxygen. gen diffusion effects generally
increase with higher temlﬁeratures and with higher radiation dose rates. Also, when the
modulus increases as the material ages, oxygen ‘Kermeation through the material
decreases, which can lead to diffusion effects only in the later stages of aging [15].

The more that oxygen diffusion effects can be eliminated in a test, the closer the test
simulates natural aging conditions. Thus, in this section, we are concerned primarily with
- asimple evaluation of the shape of the profiles, although we will also consider changes in
the magnitude of the modulus. It should be noted that oxygen diffusion effects may not
be the only dose rate effect that a material exhibits. Thus, absence of diffusion eifects
does not necessarily imply the absence of all dose rate effects.

Figures H-1 through H-4 show modulus profiles for the Brand Rex cable. The baseline
modulus is flat and consistent for both the insulation and jacket materials. After
" 3 months of aging, the jacket profile is still flat and the jacket modulus has doubled.
After 6 months of aging, an oxygen diffusion profile has begun to appear in the jacket
and after 9 months of aging, the profile has become more significant. Thus, oxygen
diffusion effects have not been completely eliminated for this cable. By the end of aging,
the average modulus in the j?hcket increased by a factor of about 100, with a factor of 2-5
ﬁ:’adient in the modulus. The jacket surface e:rosed to the ambient conditions had

igher modulus increases than the jacket material that was next to the insulation, as is
generally expected when oxygen diffusion effects are present.

The lack of diffusion effects after 3 months of agini sufgests that a significant factor
contributing to the diffusion effects later in aging is the decrease in oxygen permeation
rate as the {acket hardens. The indenter modulus data suggests that s%nificant
hardening of the jacket begins in the range of 200 kGy total dose. Thus, 200 kGy is
where ditfusion effects might be expected to begin to appear. Because the total aging
doses used in this study are significantly higher than those currently postulated for most
nuclear power plant locations, diffusion effects that only occur later in aging may be less

significant.

The small changes in modulus of the insulation make conclusions about possible
diffusion effects in the insulation difficult. Once diffusion effects become significant in
the jacket, however, they become much more &robable in the insulation. us, some
oxyfn depletion effects may have occurred in the Brand Rex insulation, particularly at
the higher aging doses.

Figures H-S and H-6 show modulus profiles for the Rockbestos cable. The baseline
modulus is reasonably flat and consistent for both the insulation and jacket materials.
After 9 months of aging, the insulation modulus has only changed sli& tly. The jacket
modulus has increased dramatically, but the profile is still essentially flat. Thus, oxygen
diffusion effects appear to have been successfully eliminated for this cable. However,
recent experience with modulus profiles for heat aged neoprene has indicated that
diffusion profiles can appear during the earlier stages of aging, only to disappear when
the jacket becomes extremely hard. The indenter modulus data suggests that significant
hardening of the jacket beﬁan in the range of 100 kGy total dose. Thus, 100 kGy is
where ditfusion effects could have begun to appear, followed by the diffusion effects
disappearing after the jacket became extremely hard. The scatter in the modulus data
for the jacket can be attributed primarily to the high values that had to be measured.
The average increase in jacket modulus was a factor of 770.
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Because the absolute value of the insulation modulus did not change greatly, the
sensitivity of the modulus to diffusion effects in the insulation is limited. With the high
hardness of the neoprene jacket later in aging, however, the greatly reduced oxygen
permeation rate may have largely prevented oxygen from reaching the insulation. )'iyhus,
at the higher allﬁmg doses, some oxygen depletion effects may have occurred in the
Roc‘ljcibpstos insulation. Such effects would not be expected duning typical natural aging
conditions. e :

Figures H-7 and H-8 show modulus profiles for the Raychem cable. The baseline
modulus is flat and consistent for the insulation. After 9 months of aging, the insulation
modulus has only changed slightly, with the profile still being essentially flat. Thus,
within the limits of the sensitivity of this method, no oxygen diffusion effects are evident.
Note that because this cable has no jacket, diffusion effects in the insulation are much
less likely than for jacketed cables.

Figures H-9 through H-12 show modulus profiles for the Dekoron Polyset cable. Figures
H-10 and H-11 show profiles for only jacket materials. The baseline modulus is quite
flat for both the insulation and jacket materials. After 9 months of aging, the insulation
modulus has only changed slightly and is still essentialgv flat. The jacket modulus
increased by a factor of 15, with thgreau:er changes at the inside edge (near the insulation).
This is OH)osite from the effect that was observed for the Brand Rex cable. Figures H-10
and H-11 show the modulus of the jacket material after 246 kGy and 406 kGy,
respectively. Both of these profiles are relatively flat, indicatingthat any nonuniform
aging does not become significant until somewhere after 400 kGy. Note that the
indenter modulus data su f,gests that the jacket begins hardening significantly at about
400 kGy. The lack of a f'at profile through the material may be a result of oxygen
diffusion effects that appear later in aginig when the jacket has hardened, reducing the
oxygen permeation rate. Alternatively, it may be a result of other effects, such as an
initially nonuniform antioxidant profile in the d']acket,-which could cause the antioxidant
to be depleted earlier at the inside edge of the jacket. In any case, the lack of a flat
profile should not be significant for most applications because it occurs at such high total
doses. The small changes in insulation modulus make conclusions about possible
diffusion effects in the insulation difficult.

Defining the upper limits of test parameters (dose rate and témperéture) that reasonably
eliminate oxygen diffusion effects was beyond the scope of this test program. However,
the reader is referred to Reference 16 for more detailed studies of this subject.

. 38 Comparison of Indenter Modulus, Modulus Profiles, and Elongation Data

This section briefly considers correlation of data from the indenter testintﬁ, the modulus
profiles, and the elongation testing. Table 9 presents a summar{ of the changes in
indenter modulus and average modulus from the modulus profiles. Except for the
modulus of the Dekoron insulation as measured by the modulus profiles, the modulus
always increased. In general, XLPO insulation modulus increased by about 40% durigﬁ
aging using either method, although some data variability is evident. The jackets all h

significant modulus increases, with the modulus profiling technique showing greater
increases than the indenter modulus. ' ;

Because a complete stress-strain curve was obtained during the elongation
measurements, the results of the modulus profiling measurements can be compared in an
approximate sense with the elongation measurements. If the material behaves in an
elastic fashion for more than about 20% strain, a reasonable estimate of the modulus
may be calculated from the linear part of the stress-strain curve. However, if plastic
behavior begins early, then the modulus is very difficult to calculate from the elongation
data. In general, ge insulations experienced early plastic behavior, while the jackets

<37



tended to be somewhat more elastic. Elastic modulus is given by the expression
E = Ao/Ac = (AF/A)/ae, where E is the elastic modulus, Ao is the difference in stress at
two different points on the linear portion of force-elongation curve, Ac is the
corresponding change in strain, AF is the corresponding change in force, ae is the
corresponding change in elongation, and A is the cross-sectional area of the material.
Normally, one of the two Eoints used to calculate the differences in the above expression
is a point prior to the application of force (no stress and no strain).

Table 9 Summary of Indenter Modulus and Modulus Profile Data

Cable Average Modulus from Profile Indenter
B(ahs.&%it;e 9§dgnth Change I\égdulus
a ange
(MP2) .
Brand Rex Insulation 330422 554151 : 1.68 14
Brand Rex Jacket 5.3940.36 6654351 123 15
Rockbestos Insulation 425138 522141 1.23 1.5
Rockbestos Jacket =~ 9.233+0.35 71201470 77 25
Raychem Insulation 398+52 643+121 1.62 14
Dekoron Insulation 88.9+12.1 80.319.8 0.90 12
Dekoron Jacket 14.520.7 224442 154 6

Figure 21 shows a case where the material behavior was quite linear during the
. elongation test. Many materials exhibited plastic deformation by the time the first force

point was taken. Figure 22 shows an example of such behavior. From Figure 21, usin{;
the cross sectional area of 0.097 cm? (0.015 in?), the modulus calculated using the 0%
and 100% elongation points is 3.32 MPa. Using the 300% and 350% points, the modulus
is 5.85 MPa. These values compare favorably with 5.39 MPa, the average value from the
modulus profile for this material.

3.9 Visual Examinations During Aging

Visual examinations of the complete cable specimens were performed during aging when
the chamber was opened to remove small test samples. The XILPO cables generally
appeared to be in good condition in all cases, except for the neoprene jacket on the

ockbestos cable product after six months or more of aging. After six months of aging,
circumirential cracks about 0.5 ¢cm (0.2 in) wide were noted in the neoprene jackets.
Some discoloration was also noted on most of the samples.

3.10 Summary of Condition Monitoring Measurements

The following summarizes the condition monitoring data presented in this section and
apply under the conditions of our tests: .

a. Of the parameters tested, elongation at break tends to show the most consistent
correlation with aging. This is particularly true at lower radiation doses.
Unfortunately, the test 1s destructive. '

b. Tensile strength generally has only minimal correlation with aging. The major
exceptions were the Brand Rex and Rockbestos jacket materials, which both
had strong decreases in tensile strength.
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Hardness increased by 15-75% with aging for the f'acket materials. In a number
of cases, the hardness was above the efféctive measuring range of our
instrument. This was the case for all of the XLPO i’nsz_llation materials.

Modulus, which was measured with the EPRI/Franklin éable indéntér, showed
good correlation with aging for the jacket materials discussed in this paper, but
not fo:'l the XLPQOs. The trend in indenter modulus was most evident at higher
aging doses. o -_

The modulus profiles did not indicate any significant oxygen diffusion effects

for the aging conditions used in these tests. The Brand Rex and possibly the

Dekoron product did experience some diffusion effects, but evidence indicated

that the effects would not likely be significant for many applications. For the

jacket materials, the absolute value of the modulus had large changes from the
aseline samples to the samples that were aged for 9 months. o

For the jacket materials, which had good aging correlations using both
-elongation and indenter modulus, elongation was the more sensitive agin
indicator up to the total dose where the elongation a%proached 0%, wit
indenter modulus the more sensitive aging indicator beyond that point.

Density is 2 good indicator of aging for several materials, increasing by up to
3.5%. The density of the Brand Rex CSPE jacket first increased, then
decreased at higher total doses. Density of the Dekoron Polyset insulation did
not change in any significant way during aging.

Insulation resistance, polarization index, capacitance, and dissipation factor
changes with aging were observed for some materials, but they were not nearly
as sensitive to aging as the mechanical measurements.
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4.0 ACCIDENT EXPOSURE INSULATION RESISTANCE DATA

This section discusses the performance of the cables during exposure to the accident
simulations. In addition to environmental monitoring during the tests, on-line insulation
resistance measurements were made as discussed in Section 24.3, The IR data as a
function of time for each conductor of each cable is shown in Appendix L. For clarity in
presentation of the data, figures in this section will generally show the averages of
multiple samples and will usually be limited to the first 20 hours of the tests.

4.1 Cable Faijlures During the Accident Exposure

While no conductors failed during the aging or accident radiation exposures, one XLPO
conductor, Rockbestos Firewall III conductor #15 in the 9-month chamber, did
experience failure sufficient to cause the opening of a 1 A fuse during the accident steam
exposures. Conductor #15 was one conductor of a three conductor cable. Figure 23
shows the details of the failure. A sudden IR decrease of almost two orders of
magnitude occurred just before 83 hours into the test. Further IR degradation occurred
over the next hour of the test. At that point, the fuse on the monitoring circuit opened.
One other conductor of the same three conductor cable was continuously monitored
during the accident exposure. This conductor did not experience a failure, but Figure
I-16 tends to indicate the beginning of a gradual IR degradation at the end of the test.

Insulation Resistance (Ohm-180 meter)

laz L (1 L 1 | 1 i 1 5 ] 1 I I 1 I AL 1 [ 1 | S A i 1
ge 81 a2 83 84 83

Time (hours)

Figure 23 IR of Rockbestos Conductor #15 Prior to Failure

After completion of the post-LOCA dielectric withstand testing (see Section 5.0), the
cables were removed from the mandrel for inspection. The failure point of the
Rockbestos conductor was identified using a bucket of water and an ohmmeter. One
lead of the ohmmeter was connected to the metal bucket and the other end was
connected to the defective conductor. By carefully placing different parts of the cable
into the water, the failure Yoint was readily identified. The failure was a hole about
1.2 cm SO.S in) along the cable length and about 0.6 cm (0.25 in) around the cable. With
the cable coiled up in the same configuration as when on the aging mandrel, the failure
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point was on the inside of the coil of wire. There was no indication that the failure was
caused by inadvertent damage or any test anomalies. The failure was a local failure,
rather than global degradation leadiﬁto failure alor% significant portions of the cable
ghis latter type of degradation will be described in Volume 2 of this report for some

PR cable products). Because this conductor had been subjected to post-LOCA
dielectric withstand testing, the failure point was somewhat enlarged and additional
failure analysis was not pursued.

42 Insulation Resistance Versus Amount of Aging

Fiﬁurc 24 shows the average IRs during the LOCA tests for Brand Rex multiconductor
cables aged to the three different lifetimes. Each point on the plots is based on the
conductors that were energized. Similar data for the Rockbestos Firewall III and the
Dekorad Polyset are shown in Figures 25 and 26, respectively. Data for the Raychem
single conductors are not shown because the IR was very high in all cases. The IR of the
Brand Rex cables improved by up to almost an order o magnitude with aging, while the
IR of the Rockbestos cables decreased by up to an order of magnitude with aging. The
major difference in the IR of the Rockbestos cables occurred between the cables that
were atied for 3 months and the cables that were aged for 6 months; the cables aged for
9 months behaved very much like the cables aged for 6 months. The Dekoron Polyset
cables behaved very much like the Rockbestos cables. ' ’
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Figure 24 IR of Brand Rex Cables During Accident Exposures
_ ' for Different Aging Treatments

43 Insulation Resistance Versus Applied Voltage
During several of the long steady-state portions of the test, IR measurements using the

Keithley electrometer (see Appendix A) were performed at 50, 100, and 250 V. ese
measurements show how insulation resistance depends on applied voltage. Table 10
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shows some data that may be used to perform this comparison. The values in the table

are averages of the number of samples shown. en a given conductor had a
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Figure 26 IR of Dekoron Polyset Cables During Accident Exposures
for Different Aging Treatments
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Table 10 Insulation Resistance Versus Applied Voltage During LOCA

Cable Nominal = Number
Type Temperature of IR(50v) IR(100V) IR (250V)

(°C) Samples’ (M0-100m) (Mo-100m) (Ma-100 m)

Rock. FWIII 171 ATS; 3 — 0.10 0.16
| 121 (AT9 5 14 13 13
Brand Rex 171 AT3; 3 © 12 0.15
121 (AT9 3 57 58 59

Polyset 171 %A’IB; 3 15 14
121 (AT9 5 0.58 056 0.56

Raychem 171 (AT3 2 - 1.6 1.9
121 (ATY 3 96 99 101

* Number of samples averaged, not necesSéﬁly total number of satnples tested.

significantly different IR than the other conductors, that conductor was not included in
the averages shown in Table 10. Thus, the number of samples averaged does not
necessarily include all samples tested.

As Table 10 clearly shows, the IR is not stronglz dependent on applied voltage over the
range of voltages tested. This result implies that the cables behave as linear resistors
over the range of voltages tested. This observation does not necessarily zﬂ)ply if the
cables are close to failure. The only case in Table 10 that shows a significant decrease in
IR with applied voltage was the Brand Rex multiconductor at 171°C in AT3, where the
IR dropped by an order of magnitude between 100 V and 250 V. This decrease was
consistent across all three conductors tested. Only one of the other cases shown had IRs
that deviated by more than 20%. Additional data that can be used to assess IR
dependence on applied voltage is shown in the figures of Appendix 1.

44 []nsulation Resistance Versus Temperature

Most of the XLPO cables tested behaved in a very consistent inverse temperature
fashion. As examples, Figures 27 and 28 plot cable IRs versus temperature using the
Keithley IR data from AT6. The IR of the Dekoron Polyset cables was much less
consistent in this regard than the other cable products. Appendix I contains additional
cable IR plots that can be compared to the temperature plots in Figures 10, 12, and 14.

4.5 Cable Behavior During Transients

Most of the XLPO cables behaved in a fairly consistent fashion during the transient
portions of the test. In several instances, however, the IR fell below the eventual steady
state value at the peak temperature before recovering to the steady state value. This
section will focus on those conductors that showed such behavior. Although not as

~ detailed as the plots in this section, the plots in Appendix I show the IR of each cable
throughout each test.
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Figure 27 Average IR Behavior with Temperature for Brand Rex Cables (ATS6)
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Figure 28 Average IR Behavior with Temperature for Rockbestos Cables (AT6)

As shown in Figure 29, the Brand Rex cables in AT3 had a slight thermal lag during the
first transient of AT3, followed by an IR dip, somewhat of a recovgg, and then a
decrease over a longer term. Similar behavior was noted in AT6 and AT9. During the
second transients, the amount that the IR fell below the eventual steady state value was
generally less, probably because of the higher initial temperature for the second
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transients. A sample IR plot during the first transient of AT3 for one of the Rockbestos
conductors is shown in Figure 30, and a sample IR plot during the first transient of AT9
for one of the Polyset conductors is shown in Figure 31. The Raychem single conductor
cable IRs remained above the range that could be effectively measured by our
continuous measurement system. -

- During the second transient of ATY, the IR of the two monitored conductors of one of
the Rockbestos cables fell below the eventual steady state value, recovered to a value
above the steady state, and then settled to the steady state value. The behavior of one of
these two conductors is shown in Figure 32. One of the conductors of this cable was the
only Rockbestos conductor to fail during any of the accident tests.

The effects of transient IR reductions on nuclear power plant circuitry would be circuit
specific and could range from no adverse effects to a temporary reduction in the
accuracy of some instrument circuits. - :
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4.6 Discrete Versus Continuous Insulation Resistance Measurements

Current cable qualification is typically based on IR data that is taken at discrete time
eriods. The data may include only one measurement on each conductor at each of the

igh temperature dwells. In this test program, many measurements were performed
throughout the accident test. In general, periodic measurements would have been
sufficient to indicate cable performance. ¢ major exception was during the initial
transient portions of the steam exposures where some cables experienced transient IRs
;hast were {:vsver than the subsequent steady state IRs. This phenomenon was discussed
in Section 4.5.

4.7 Comparison of IR Data for Cables from Different Manufacturers

Table 11 compares the IRs of different XIL.PO cable Products. The values in the table
are approximate minimum values during the 171°C (340°F) exposures, based on
Figures 24-26. The data indicates a large difference between the IRs of the various cable
Eroducts during the same LOCA conditions, particularly when the single conductor

aychem is compared to the multiconductor cables. The data for the different
multiconductors generally fall within an order of magnitude of each other. EPR testin
reported in Volume 2 of this report compares IR data of multiconductors with the IR o
single conductors removed from the multiconductors. Although the single conductors
had up to a factor of six higher IRs for two cable types, a third cable type exhibited
virtually no difference between the single and multiconductor samples. Some differences
between single and multiconductor may be expected because of differences in the
effectiveness of the ground return path. Cables with continuous shields would have the
best ground return path. Much of the return path for single conductors is in the form of
surface conductivity. Unshielded multiconductors might be expected to have a good

round return through the other conductors, but these other conductors are also
isulated and there may also be an insulated fFath through the jacket to the grounded test
mandrel. Thus, it is not clear what the net effect of lglround return paths should be on the
differences in IRs of single and multiconductors. However, the of the EPR cables
indicate that any effects may be quite small since one type of EPR cable had no
difference between single and multiconductor IRs.

Table 11 Approximate Minimum IRs (M0-100 m) of XLPO Cables Tested

Condition =~ Brand Rex = Rockbestos Polyset Raychem *

Multi Multi Multi ingle
AT3-1st 171°C  0.089 0.10 13 150
AT3-20d 171°C 0.16 031 1.1 240
AT6-1st 171°C  0.073 0.034 0.35 66
AT6-20d 171°C 034 0.064 0.14 37
AT9-1st 171°C 020 0.041 0.19 30
AT9-2nd 171°C 073 0.048 0.11 15

* Data for this cable from the 100 V Keithley measurements
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- 5.0 POST-ACCIDENT MEASUREMENTS

After completion of the accidents tests, visual examinations of the specimens were
performed, followed by dielectric withstand tests as follows:

a. Cables aged for 3 months were tested after the LOCA exposure. The cables
were not disturbed prior to the dielectric test. These cables were then
exposed to a high temperature steam test. Reference [7] contains details of
the high temperature steam test.

b. Cables aged for 6 months were tested after the LOCA exposure. The cables
were not disturbed prior to the dielectric test. These cables were then
submergence tested in a chemical solution, with IEEE 383-1974 [2] mandrel

- bends and additional dielectric tests following the submergence test.
Reference [7] contains details of the submergence test and the additional
dielectric tests. N , :

c. Cables aged for 9 months were tested after the LOCA test. The cables were
not disturbed prior to the dielectric test. Following these tests, mandrel bends
and additional dielectric tests were performed. These tests included ultimate
breakdown strength of some of the cables. - : '

In this section where the term "leakage" current is used, it should be taken to mean the
resistive leakafe current plus the capacitive chartging currents. Note that a very large
portion of the "leakage” current can be a result of the charging current.

5.1 Visual Examinations

All of the cable jackets were discolored to some extent by the accident sures. The
jackets on the Rockbestos Firewall III cables were moderately to severely damaged after
.all three accident tests (AT3, AT6, and AT9). The cracking was both longitudinal and
circumfrential in both tests. .

All of the XLPO cable jackets, except for one of the two Polrset cables, had evidence of
cracking and damage after AT9. After AT3 and AT6, all of the jackets except the
Rockbestos Firewall III jacket were in relatively good shape with no open cracks.

52  Dielectric Withstand Tests With Cables on Test Mandrels

The dielectric tests discussed in this section were performed with the cables still on the
test mandrels, without disturbiné them in any way. The dielectric tester was set for an
automatic voltage rise of 500 Vac/s to the desired peak voltage, a hold at the peak
voltage for § minutes, and finally a return to 0 voltage at -500 Vac/s. In cases where the
leakage current was increasing significantly, the applied voltage usually decreased in
response. In the automatic mode of our dielectric tester, there is no provision for
readjusting the voltage back to the desired peak. The discussions below indicate where
the voltage varied significantly during the S-minute hold period. The dielectric testing
described in this section was performed with the cables submerged in tap water after a
'soak period of at least 1 hour. - :

- 'The test voltage for the individual conductors was nominally 80 Vac/mil of insulation
thickness. The jackets (for cables with shields) were tested at 600 Vac. Table 12 is a
summary of the dielectric test results. For purposes of Table 12, a conductor was defined
as failing if the maximum leakage/charging current exceeded 20 mA during any part of
the test. This failure criterion is well above the normal charging currents for all cable
types tested and therefore represents a level where significant leakage currents are
occurring. The actual applie voltaﬁe at steady state is given in parenthesis for those
cables that passed the test. For cables that failed, the number in parenthesis is the
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Table 12 Maximum Leakagej Charging Current (mA) in Dielectric Tests

("--" denotes No Sample)
Cable Desired 3-month 6-month 9-month
Type Voltage Post- Post- Post-
(1.4%) LOCA LOCA LOCA
Multiconductors

Brand Rex 24 39(24) 3.4 (24 3.4 (2.6
Brand Rex 24 - 3924 3424 23 (2.6
Brand Rex 2.4 4.0 (2.4 34(24) 24 (2.6

Rockbestos = 24 36(25 3525 33 (2.
Rockbestos 24 3.7(25 34(25 Fail (1.5)
Rockbestos 24 4.0 (2.6 34 (25 4.1 (2.6

Rockbestos 24 - - 42 (2.
Rockbestos 2.4 - - 43 (2.7
Rockbestos 24 - - 4.0 (2.7
Polyset 24 6.4 (2.6 5224 55(2.7
Polyset 24 6.3 (2.6 52124 53 (2.6
Polyset 2.4 64 (2.6 5324 52(2.6
Polyset 24 - - 48 (25
Polyset 24 - - 48 (2.5
Polyset 24 - - 4.8 (2.5)

Single Conductors

Raychem 24 1.6 52.5; 1.6 {2.4 1.5 (2.
Raychem 24 1.6 (2.5 1.6 (24 1.7 (2.7

Raychem 24 - - 1.6 (2.

Jackets

Polyset 0.6 8.0(0.7) 6.0 (0.7) Fail 0}
Polyset 0.6 - - Fail &0

* Numbers in parenthesis denote average sustained vdltage (kV) for cables that passed
or peak voltage for cables that failed (see additional information in text).




maximum voltage that was applied to the cables during the transient voltage rise. The
peak voltages normally lasted 2 seconds or less. The discussion below gives details of
those failures that did not occur immediately. For cables with a peak value of 0, no
readable voltage could be applied to the specimen, using the 0-10 kV scale on the
dielectric tester. In Table 12, the individual conductor numbers are in the same order as
in Table 2. For example, the third Rockbestos conductor listed under multiconductors in
Table 12 corresponds to conductor #14 of the cables aged for 3 or 6 months, and
conductor #16 of the cables aged for 9 months.

Table 12 indicates that all of the Brand Rex conductors and all of the Raychem Flamtro}
conductors passed the post-LOCA dielectric withstand tests. The active conductors of
the Polyset cables also passed the post-LOCA dielectric withstand tests. The shields of
the Polyset cables passed the dielectric withstand tests after AT3 and AT6, but failed
after AT9 (two samples). The Rockbestos Firewall III conductors passed all of the
dielectric tests following the LOCA tests, with the exception of one conductor failing
(out of six tested) after AT9. This conductor took a peak voltage of about 1500 Vac, but
the test lasted only about S seconds.

53 Mandrel Bends and Dielectric Tests of Cables Aged for 9 Months

Following the tests described above, the cables from AT9 were subjected to a series of
mandrel bends and hiﬁh potential tests. Because conductor #15 had failed during AT9,
conductors #14-16 (all part of the same cable? were not included in these tests. The
results of the mandrel bend and high potential tests are summarized in Table 13. To
verify that no damage had been done during removal of the cables from the aging
mandrel, all of the conductors were subjected to an 80 Vac/mil high potential for
1 minute after a minimum of 1 hour in the water bath. All of the cables were then
straightened, reverse bent around a nominal 40xD mandrel (i.c., the mandrel diameter
was 40 times the cable outer diameter), returned to the water, and then subjected to a
S minute high potential test at 80 Vac/mil in accordance with IEEE 383-1974 [2]. All
the conductors ]fassed the high potential test after the mandrel bend except the three
conductors (#24-26) of one of the Dekoron Polyset cables. Upon examination, one
crack was found in each of the conductors. All three cracks were within about 5 cm
(2 in) of each other near the location where the cable had begun wrapping on the afix}g
mandrel, but in an area where the cable had not been wrapped on the aging mandrel. It
is very possible that this local area of the cable was closer to the wall heater than the rest
- of the cable, and thus, it may have been exposed to (unknown) higher temperatures (and
more thermal alg]ing). 'The section with the cracks was removed and the cable passed a
retest with the shorter length. '

During the 40xD and subsequent mandrel bends, extensive dama%)e was done to the
cable jackets. By the completion of the mandrel bends described below, most of the
cable jackets had fallen completely off. It should be noted that all of the cable
diameters, for purposes of calculating mandrel diameter to cable diameter ratio, were
taken as the outer diameter of the cable with the jacket intact.

The next mandrel bend was nominally 30xD on all of the multiconductors, followed by
1 minute high potential tests at 80 Vac/mil. This bend was performed by tightening the
40xD bend, rather than straightening and recoiling the cables. All cables withstoo this
test, including the Polyset cable with the damaged section removed. Next all of the
cables were wrapped around a nominal 20xD mandrel and another 80 Vac/mil high
potential test was performed. Again all conductors passed the test.

The next mandrel was a 10xD nominal diameter mandrel, followed by an 80 Vac/mil
withstand test. Dekoron Polyset conductor #24 was the only cable to fail during this test.
The failure was located roughly in the middle of the cable, an area that was located on
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Table 13 Mandrel Bends and Dielectric Tests After AT9

Cable Bend mandrel diameter/ Test Maximum  Test Test
Type Cable diameter Volt‘z}fe Current Time I.en%th

(x (mA)  (min) (m

Brand Rex-1  Off aging mandrel-nobend 2.6 0.9 1 44

39 2.6 1.0 5 44

31 25 0.9 1 44

17 2.5 1.0 1 44

9.9 25 1.0 1 44

52 25 . 11 1 44

Step breakdown test 13.0 6.2 See text 44

Brand Rex-2  Off aging mandrel-no bend 2.6 0.9 1 44

39 2.6 0.9 5 4.4

31 25 0.9 1 44

17 2.5 1.0 1 4.4

9.9 26 1.0 1 44

- 52 2.5 1.1 1 44

Step breakdown test 140 6.6 See text 44

Brand Rex-3  Off aging mandrel-no bend 2.6 -0.9 1 4.4

39 25 1.0 5 44

31 25 0.9 1 44

17 2.5 1.0 1 4.4

9.9 2.5 1.0 1 44

52 2.5 1.1 1 44

Step breakdown test 140 6.8 See text 44

Rockbestos-17  Off aging mandrel-no bend 2.5 20 1 59

40 2.6 22 5 59

32 24 1.9 1 59

18 26 20 1 59

11 25 2.1 1 5.9

5.4 25 23 1 59

2.6~Cracked - - 59

Rockbestos-18  Off aging mandrel-no bend 24 2.0 1 5.9

40 2.6 23 5 59

32 24 1.9 1 59

18 26 2.2 1 5.9

11 25 22 1 59

54 25 24 1 59

2.6—~Cracked - - 59




Table 13 Mandrel Bends and Dielectric Tests After AT9 (cont)

Bend mandre] diameter/ Test Maximum Test

- Cable ~ Test
Type Cable diameter Volt‘elee Current Time  Length
o (k (mA) (min) (m
Rockbestos-19  Off aging mandrel-no bend 2.4 1.8 1 59
‘ 40 25 2.1 5 5.9
32 25 1.9 1 59
18 25. 2.0 1 59
11 25 21 1 59
54 22 23 1 5.9
2.6—-Cracked - - 59
Polyset-24 Off agi1}§ mandrel-nobend 2.5 1.7 1 6.0
1--Cracked A - Fail 6.0
Damaged section removed :
32 25 1.5 1 4.9
18 26 1.5 1 4.9
10-Cracked - - 49
Polyset-25 Off aging mandrel-no bend 2.6 1.7 1 6.0
S gln‘tgl--Cracked N - - , 6.0
Damaged section removed
32 25 15 1 49
18 26 1.5 1 4.9
10 25 15 1 49
5.5 25 1.6 1 49
5.5 25 1.5 2 49
2.7-Cracked - - 4.9
Polyset-26 Off aging mandrel-no bend 2.6 1.8 1 6.0
: -gmfl-Cracked . - - Fail - 6.0
‘ Damaged section removed
| ‘ 25 15 1 49
18 26 15 1 49
10 25 1.5 1 49
55 2.5 1.6 1 49
2.7 24 1.5 2 49
Step breakdown test = 21.0 125  See text
Polyset-27 Off aging mandrel-nobend 2.6 1.8 1 6.2
W ggmg 41 26 1.8 5 6.2
32 2.5 1.8 1 6.2
18 25 1.8 1 6.2
10 25 1.5 1 6.2
5.5--Cracked - Fail 6.2




Table 13 Mandrel Bends and Dielectric Tests After AT9 (cont)

Bend mandrel diameter/ Test Maximum  Test

Cable Test
Type Cable diameter Volt‘z}fe Current Time Len
(k (mA) (min) (m
Polyset-27 Damaged section removed
(cont) Step breakdown test 20.0 128  Seetext 52
Polyset-28 Off aging mandrel-nobend 2.6 18 1 62
41 26 18 5 6.2
32 2.6 1.8 1 62
18 2.5 18 1 6.2
10 25 1.8 1 6.2
5.5--Cracked - Fail 6.2
Polyset-29 Off aging mandrel-no bend 2.6 1.8 1 6.2
41 2.6 1.8 5 62
32 25 18 1 6.2
18 2.6 1.8 1 6.2
10 25 1.8 1 6.2
- 53 2.6 20 1 62
Step breakdown test 19.0 145  Seetext 62
Raychem-35 Off aging mandrel-nobend 2.5 0.9 1 4.1
41 2.5 0.9 5 4.1
24 25 0.3 1 4.1
11 25 0.3 1 4.1
53 25 0.8 1 4.1
26 25 0.7 1 4.1
1.3—-Cracked - - 4.1
Raychem-36 Off aging mandrel-no bend 2.5 0.8 1 4.0
41 2.6 0.9 5 4.0
24 25 0.8 1 4.0
11 25 0.9 1 4.0
53 25 0.7 1 4.0
2.6 25 0.8 1 40
Step breakdown test 211 72 See text 4.0
Raychem-37 Off aging mandrel-no bend 2.5 0.3 1 4.0
41 25 0.8 5 4.0
24 25 0.3 1 4.0
11 25 0.8 1 4.0
53 24 0.8 1 4.0
26 24 0.7 1 4.0
1.3--Cracked - - 4.0




the test mandrel during agin4i and accident exposures. The failure (crack) was in an area
where a small amount of jacket still remained on the cable. The brittleness of the jacket
may have caused some damage during the 10xD bend. :

The next mandrel was a 5xD nominal diameter mandrel, followed by an 80 Vac/mil
withstand test. Dekoron Polyset conductors #27 and 28 were the only two conductors to
fail during this test. The insulations on both of these conductors were observed to be

- cracked prior to the dielectric test, and both failures were located near where the cable
-had begun wrappintg around the aging mandrel. These two conductors failed in locations
similar to those of the three conductors (#24-26) of the Dekoron Polyset cable that
failed after the 40xD mandrel bend. Again, the area of failures may have been closer to
the wall heaters and hence exposed to a higher temperature than the cable on the
mandrel, causing additional thermal aging. ‘ ‘

At this point, to provide additional insights on the behavior of both electrical and
mechanical properties of the cables in the post-LOCA state, different tests were
pedrifqam:l(liy on different cables. Thus, each of the remaining cables will be described
individually. ' '

Each conductor of the Brand Rex cable was exposed to a step breakdown test. Voltage
was held for 30 seconds at each voltage, then raised to the next voltage. The test voltage
began at 2400 Vac with 1200 Vac increments until the voltage reached 9600 Vac. The
test was continued at 11000 Vac and incremented 1000 Vac at a time until breakdown of
each conductor occurred. One conductor broke down at 13000 Vac after 3 seconds, the
second conductor broke down at 14000 Vac after 3 seconds, and the third conductor
broke down at 14000 Vac after 15 seconds. : : )

~ The Rockbestos cable (conductors #17-19) was 'subjected to a 2.6xD mandrel bend.
' Aftzrd % lﬁend, cracking through to all conductors was evident. Thus, this cable was not
test er. . . : o :

- The first Dekoron PolX‘set cable (conductors #24-26) was subjected to a 2.7xD mandrel

bend and a 1 minute dielectric test at 80 Vac/mil. Conductor #25 cracked during the
bend, but conductor #26 passed the dielectric test after the bend (conductor #24 had
Ereviously failed during the 10xD test). Conductor #26 was then subjected to a step

reakdown test, with the voltages as defined above for the Brand Rex conductors. The
cable baefan arcing and the test set tripped at a voltage of 21000 Vac after 17 seconds.
The leakage current before tripging was 12.5 mA. A retest of the cable allowed a
voltage of Vac to be applied for S seconds with a leakage current of 20 mA. After
this last test, the breakdown point was located toward the middie of the cable.

Conductor #29 of the second Dekoron Polyset cable (conductors #27 and 28 had
-previously failed during the SxD test) was subjected to a ste_:ﬂjbreakdown test, with the
voltages as defined above for the Brand Rex conductors. The cable broke down at a
voltage of 19000 Vac after 19 seconds. The leakage current just before breakdown was
14.5 mA. Following this breakdown test, a section of the entire cable was removed
where conductors #27-28 had been mechanically damaged. As a result of the handlin,
another through-wall crack was noted in the insulation of conductor #28 and this
conductor was not tested further. Conductor #27 (now shorter) was exposed to the step
voltage breakdown test and broke down at 20000 Vac after 8 seconds. The leakage
current just before breakdown was 12.8 mA.

Raychem single conductors #35 and 37 were both exposed to successively tighter bends,
with 80 Vac/mil dielectric tests after each bend. Both conductors survived the testin,
with a 2.6xD mandrel, but both cracked when sulgjected to a bend around a2 1.3x
mandrel. Raychem conductor #36 survived a similar 2.6xD mandrel bend and high
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potential test. This conductor was then exposed to a step voltage breakdown test as
described above. The cable broke down at a voltage of 21100 Vac after 20 seconds. The
leakage current just before breakdown was 7.2 mA.

54  Post-Accident Elongation Tests of Cables Aged for 2 Months

Following completion of the mandrel bends and dielectric tests described in Section 5.2,
the insulation of each cable product was subjected to elongation testing. Test samples
were cut from near the middle of the cables and the cof&;,r conductors were removed.
The sam})les were then tested using an Instron Model 1000 tester. Table 14 gives the
results ot the elongation testing, along with the baseline tensile strength and elongation
values. The following compares the approximate absolute elongation at the end of the
accident radiation exposure (before AT9) with the approximate absolute elongation of
each insulation material after AT9:

Cable Type Before AT9 After AT9

Brand Rex 10% 40%
Rockbestos <10% - 20%
Dekoron Polyset 40% 30%
Raychem <10% 50%

The above data indicates that elongations of three of the XLPO materials improved with
the exposure to the accident environment. (It should be noted that the "After AT9"
elongation measurements were J)erformed a long time after completion of the accident
exposure.) To provide some additional verification of the z;gin%e ongation data, three of
the 36-cm complete cable samples that had been aged for 9 months and exposed to
- accident radiation were cut into thirds and the copper conductors were removed for
elongation testing. Two Raychem specimens both broke at less than 10% elongation.
One Brand Rex specimen broke at 20% elongation and one broke at less than 10%
elongation. The three Polyset specimens broke at 10, 20, and 30% elongation. The
above data compare very favorably with the data from the 15-cm tensile specimens. The
36-cm Polyset specimens had average elongation of 20% as com(Fare to the 15-cm
specimen elongation of 40%. Tables B-1 and B-3 in Appendix B indicate that the 36-cm
specimens received a total radiation dose about 10% higher than the 15-cm specimens,
which probably accounts for the small differences in elongations.

With the likelihood that the accident environment had actually improved the properties
of some of the XLPO materials, we decided to boil several samples in water for
30 minutes to see if that affected the elongations of the materials. We boiled three
samples, one Brand Rex and one Raychem (from the third third of the 36-cm specimen
of each) and one spare Rockbestos 15-cm tensile specimen. After boiling, the Raychem
conductor broke at 10%, the Brand Rex conductor broke at 40%, and the Rockbestos
conductor broke at 50%. Note that these values are each higher than comparable
samples that were not boiled, indicating that the boiling had a positive effect on the
elongation properties of these XILPO materials, consistent with the observed effects of
the accident simulation. The increase in flexibility may result from plasticizer effects of
the moisture and/or the possibility of melting and reforming the crystalline structure of
the m?;lzrial. This data provides several potential insights into the behavior of XIL.PO
materials: '

a. The effects of humidity during aging may be more important than previously
believed, possibly providing a positive benefit for XLPO materials.

b. The effects of humidity during aging may account for some differences
between natural and artificial aging experiences. Historically, it has been
argued that artificial aging is more severe than natural aging, with differences
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attributable to "non-Arrhenius” behavior. Since artificial aging is conducted at
high temperatures, the humidity is always lower than during natural aging
conditions. The lack of "matched” moisture conditions may account for some
"non-Arrhenius" behavior. The effects of crystalline meltinigurin ing have
also been identified as a mechanism for "non-Arrhenius” behavior %1%%1

c. Ifvery deEgded XILPO materials consistently "improve” their elongation as a
result of LOCA exposures, the risks of operating nuclear plants with XLPO
cables having severely degraded mechanical properties may be somewhat
lower than what would have previously been expected.

Table 14 Tensile Strength and Elongation After AT9
Cable Conductor Elongation Peak Tensile
Type Number atBreak = Force Strength
v - (®) (N) (MPa)
Brand Rex 1 30 - 890 94
T e =320 2 50 94.3 9.9
To = 11.8 3 40 05.6 10.1
Rockbestos 14 o200 - 94.7 9.5

€ = 240 14 20 ' 92.1 9.2

To = 124 15 30 -.'101.4 10.1
: 15 10 . - - 934 9.3

16 10 104.1 104
16 10 98.7 9.9
16 20 %1 - 96
16 10 96.1 9.6
Polyset 21 20 925 8.8

€0 = 350 27 30 110.8 10.5

To = 12.9 28 20 . -106.3 10.1

- - 29 - 30 - 1201 114

29 40 - 1254 11.9

Raychem 35 60 = 2326 | 147

e =520 35 60 2300 - 14.6

To = 146 - 35 ' 70 2362 = 149
: 33 60 2220 14.0
36 20 - . 2122 134

36 20 - 2113 134

36 40 2255 14.3

36 50 - 2264 14.3

36 40 - 2233 - 141

36 .‘ S0 229.5 . 145

36 - -850 - 2217 14.4




6.0 CONCLUSIONS

This conclusions section is divided into three J>ar&s First, general conclusions r%garding

aging and condition monitoring are presente
accident behavior of aged cables are presented. Fi

ex;,aﬁ;eneral conclusions regarding the
y, a summary of conclusions that

address each of the objectives of this study is presented.
6.1 Aging and Condition Monitoring

a.

b.

Of the condition monitoring garamet'ers tested, elongation at break tends to
show the most correlation with amount of aging for the most cable types.

Hardness and indenter modulus both increased with aging of jacket
materials, but they did not change consistently for the O insulation
materials. Indenter modulus measurements were clearly more sensitive than
hardness measurements.

Density increased with a ing for most of the insulation and jacket materials,
However, no consistent change was noted for one material and the density of
another material initially increased, but later began decreasing,

Although there were isolated exceptions, neither tensile strength nor any of
the electrical measurements had any significant, consistent trend with aging.

The modulus profiles did not indicate any significant oxygen diffusion effects
for the aging conditions used in these tests. The Brand Rex and possibly the
Dekoron product did experience some diffusion effects, but evidence
indicated that the effects would not likely be significant for many
applications. ' Defining the upper limits of test parameters (dose rate and
temperature) that reasonably eliminate oxygen diffusion effects was beyond
the scope of this test program.

6.2 Accident Performance of Aged Cables

a.

Only one XLPO conductor (out of 40 tested) failed during the accident tests.
This was one of three conductors of a Rockbestos multiconductor cable in
the accident test of cables aged for 9 months (AT9).

A statistically significant conclusion regarding the number of failures versus
the amount of aging is not possible. However, the only conductor that failed
d}xring an accident test was one that had been aged for the maximum amount
of time.

The maximum difference in the accident IR performance of a given cable
gpe aged to the three different lifetimes was about an order of magnitude.

one case, the accident IR was higher for more highly aged cables, and in
three cases, the IR was lower. The significance of this order of magnitude
change would be application dependent, but it is expected to be negligible for
many applications.

The accident IR performance of our XLPO cables aged to three different
lifetimes under simultaneous, slow rate aging was comparable to the accident
performance of aged XLPO cables in industry tests that used hiﬁ}) rate
sequential aging to nominally more severe conditions (total dose and thermal
equivalent lifetime).
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e. '~ The three multiconductor cable products tested had accident IRs that were
within an order of magnitude of each other. The single conductor cable
product tested had IRs that were 2-3 orders of magnitude higher than the

- multiconductors. Part of the difference between single and multiconductors
~ may reflect differences in ground plane effectiveness, but a significant

, poﬁlon of th::1 difference is expected to be a result of actual differences in the
- cable materials. '

f.  Over the range from 50-250 V, IR was largely independent of test voltage

gqi‘mg)both aging and accident testing (as long as the cable was not close to
ailure). : .

g.  During accident testing, the IR of the XLPO cables consistently varied
:inverselg with temperature, i.e., the IR increased as the temperature
ecreased. .

h. During the initial steam transients, some cables had lower IRs than their
eventual steady state values. Except for this transient phenomenon, periodic
measurements of IR would have been sufficient to indicate cable
performance. The effects of these transient IR variations would be circuit
:geciﬁc and could range from no adverse effects to a temporary reduction in

e accuracy of some instrument circuits. . .

i.  With the exception of the one conductor that failed during the LOCA test, all
conductors successfully passed high voltage tests at an applied voltage of
80 Vac{mil following the accident tests. ee conductors failed a similar
high voltage test after an IEEE 383-1974 [2] post-accident mandrel bend test.
“However, the location of the failures may have received more thermal aging
than the rest of the cable. ,
j- Following the accident e:?)osure, dielectric withstand voltages of XLPO
cables were on the order of 13-21 kVac. Mechanical damage crackin%) was
’ generall necessary to cause breakdown voltages to occur at voltages below
0 Vac/mil of insulation. Such cracking during mandrel bend tests
freﬁuentl required mandrel bends much more severe than that specified in

IEEE 383-1974 [2].

k.  When cracking was observed after mandre] bends, it was usually through to
the conductor and very obvious. -

L. For three of the four XLPO materials, the elongation was greater after AT9
- than before AT9. This may be a result of moisture being absorbed into the
cable and acting as a Jrlasncizer or of the crystalline structure of the XLPO

. materials being melted and reformed,

m. Although the IEEE 383-1974 [2] mandrel bend requirement is quite severe,
most of the XIL.PO materials tested to our conditions survived mandrel bends
significantly more severe than the IEEE 383 requirement (using successively
tighter mandrel bends until failure occurred).

63 Summary of Conclusions

The conclusions of this experirriéntal effort with regard to both the broad and specific
objectives of the program are addressed below:
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Objective:

Conclusion:

Objective:

Conclusion:

Objective:

Conclusion:

Objective:

Conclusion:

Objective:

Conclusion:

To determine the long term aginf» degradation behavior of popular cable
products used in nuclear power plants,

The test results indicate that most properly installed XLPO cables should

-be able to survive an accident after 60 years for total aging doses ggoté)

400 kGy and for moderate ambient temperatures on the order of 50-
(potepti;lly higher or lower, depending on material specific activation
energies).

To determine the potential of condition monitoring (CM) for residual life
assessment.

Of the measurements tested, elongation is the best condition monitorin
method. Although a quantitative generic acceptance criterion is difficult
to establish based on these tests, a reasonable range (that is likely to be
fairly conservative) would be about 50-100% absolute elongation
remaining. Compressive modulus and density could also be somewhat
effective for monitoring residual life, although acceptance criteria would
be much more difficult to establish for these measurements because
extensive testing has not been performed to demonstrate that modulus
and density respond consistently for varied test conditions. The electrical
measurements were not effective for monitoring residual life.

To assess the accident performance of cables aged more slowly (e.g. low
temperature and low radiation dose rate) than in typical industry tests
and under simultaneous conditions.

The accident performance (in terms of electrical pro‘ferties) of the XLPO
cables did not differ substantially from the accident performance of
cables aged at more highly accelerated (both sequential and
simultaneous) conditions in past Sandia tests, as well as in industry tests.
However, it must be noted that this conclusion only applies up to the
limits of the aging conditions simulated in this test program since the
testing does no:ﬂprove or disprove whether highly accelerated tests to
much '.%ber total exposure conditions would produce the same results if
the acceleration were greatly reduced.

To assess the conservatism associated with the IEEE 383-1974 [2] post-
accident mandrel bend and high potential testing.

The IEEE 383-1974 {2] post-LOCA mandrel bend test on the cables that
had been aged for 9 months induced cracking of three conductors of one
cable type. The high potential test did not induce any cable failures
(assuming the cable did not crack during the mandrel bend), even after
bends significantly more severe than the IEEE requirement. Thus, for
XLPO cables, the most severe part of the post-accident exposure appears
to be the bend test. '

To assess what additional qualification re uirements might be needed as
cables age beyond their current nominal 40-year qualified life.

The accident performance of cables aged to the three different lifetimes
was not significantly different. Thus, for XLPO cables exposed to



environments less severe than those simulated in this test program, these
tests do not indicate the need for additional qualification requirements as
cables age beyond their current qualified life. This conclusion is based on
the technical finding that the cables teésted did not fail (with only one
exception) when exposed to the environments defined in this test .
program. It does not (Frove or disprove the adequacy of current
qualification practices and requirements. *
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Appendix A Description of Electrical Measurement Equipment



A.1 BACKGROUND

For our tests, insulation resistance (IR) measurements were performed between each
conductor and ground with all other conductors connected to ground. Measurements
were taken at 3 voltages: 50, 100, and 250 V., Leakage current %(l;r IR) data were taken
‘at discrete times from 2 seconds to 1 minute for SO and 100 V measurements and from
2 seconds to 5 minutes for 250 V measurements. IR gives a measure of the resistive
component of the dielectric impedance. It is typically used in industry as a go/no-go test
of insulation. However, no technical basis is available to set an acceptance criteria
related to age-related degradation [A-1]. Rather, the test is usually used to assist
detection of locally damaged cable (e.g. insulation windings that are wet or a gouged
cable that is "sufficiently close” to the ground plane in the test). :

Some common criticisms of IR measurements are that they are subject to uncontrollable
temperature and humidity effects along the cable.. Because they are dimensionless
quantities, polarization indices are sometimes used to determine the condition of an
insulation structure. Reference [A-2] indicates that polarization index is indegendcnt of
temperature. However, the data presented in Appendix C and discussed in Section 3.0
indicates that the PI was dependent on temperatyre in our tests.

A polarization index lower than normal suggests excessive surface leakage or
deteriorated insulation {A-3, A-4]. IEEE 62‘-1978g fA—4] defines polarization index as the
ratio of the IR at 10 minutes to the IR at 1 minute, which should normally be greater
than 1. It should be noted, however, that other definitions of polarization index may be
used. In this study two definitions were used. At all voltage levels, a polarization index
ratio of 1 minute to 30 seconds was used; at 250 V, a polarization index ratio of
S minutes to 1 minute was also used.

Transfer function measurement techniques are described in References A-5, A-6, A-7,
A-8, and A-9. The transfer function gives an indication of the variation of dielectric
impedance (principally due to the bulk cable capacitance and conductance) as a function
of frequency. The imaginary component of the transfer function gives an indication of
the dielectnc ch&rlge/voltage characteristics at the given frequency, and the phase angle
§ between the real and ima%'%ary components gives an indication of the dielectric losses
as a function of &equencg. e tanf%em of the phase angle § is commonly referred to as
the dissipation factor (DF) and is often measured only at a single frequency. Dissipation
factor also gives an indication of the power factor (PF) since the two are related as
PF=DF/(1+DF?). If 5 is a small angle, then PF=DF,

References A-5, A-6, and A-7 describe a number of bridge techniques, including the
famous Schering Bridge. ically in bridge techniques, a sinusoidal voltage is aa‘,Fplit;':d
to a bridge containing the own sample as one leg. Other reference legs are adjusted
until bridge balance is obtained. The unknown capacitance and resistance at the discrete
frequency can then be calculated based on the reference values.

We made capacitance and dissipation factor measurements usiniﬂt\zvo different
instruments, covering the range of frequencies from about 0.3 Hz to 500 kHz. We used a
Hewlett Packard Model 4192A Low Frequency (LF) Analyzer to make these
measurements at the "higher” frequencies, ranging from about 100 Hz to 500 kHz and a
‘Hewlett Packard Model 3192A Spectrum Analyzer combined with a low noise
preamﬁlifier to make the measurements at the lower frequencies, from about 0.3-
1000 Hz. The overlapping portion of the ranges provided a check between



measurements made by two independent techniques. As with IR, the transfer function in
our tests was evaluated between each conductor and ground with all other conductors
connected to ground.

A.2 INSULATION RESISTANCE

The test apparatus for measuring IR is shown in Figure A-1. An HP Model 216

computer was used to control the data acquisition. A Keithley electrometer was used to
measure the voltage across a drogpin resistor. The output of the Keithley was then fed,
either dir or via the HP 3497A data logger, to the computer for storaée on disc. In
addition to data acquisition and storage, the computer also directed the data logger to
automatically select the proper voltage level using the 0-250 Vdc power supply and to
select the proper dropping resistor using a set of computer-controlled relays.

HPIB Interface
(IEEE 488)

HP 34978 Hewlett Packard
Datalogger Mode! 216 Computer

(HENER| Keithley Model 619

Electrometer

®— +9
Note: Relays connected ‘
to datalogger slot 3,
channels 3-6. .
VWA
686 M O
;“
e T VWV
2H O
Conductor under
, 1r5?—————J\/\/\/\r——- test (all other
Programmable g{ 60 K OO conductors grounded)
Voltage =
supply 7/ e T VWV /
8-250 Vdc T ¢ KQ
=

Figure A-1 Circuitry to Measure Insulation Resistance

A.2.1 Operational Description

A given measurement involved the following steps, all performed automatically by the
acquisition system:

Close the relay connected to the 2 Mq resistor.

‘Raise the fower supply voltatge to desired level (50, 100, or 250 V).
Perform 3 measurements of the voltage across the 2 Ma resistor during the first
7 seconds (to assure stability). ' :
Change the range of the instrument if necessary by closing the relay connected to
the desired measuring resistor and then opening the relay connected to the
previous measuring resistor.

& pop

A2



¢.  Perform 2 measurements of the voltage across the dropping resistor during the
next 7 seconds (to assure stability).

f  Repeatstepd). |

g Measure the voltage across the dropping resistor 10 more times during the next
46 seconds.

h.  Measure the actual power supply output voltage.

For a 250 V, S-minute measurement, the above procedure is used except that 28
measurements are performed during 4 minutes and 46 seconds in step g.

The rules used to perform a dxfbpping resistor change were as follows:

a.  If the measured voltage across the dropping resistor is greater than 5 V, then select
- the next smaller dropping resistor. , :
b. K the measured voltage across the dropping resistor is less than 0.15 V, then select
the next larger dropping resistor. : '

For 250 V measurements, the above procedure is used except that the 2 kn resistor is
never used (to prevent excessive currents).

Based on the circuit of Figure A-1, it is evident that if the IR of the cable is not
~ signiﬁmnttlg higher than the dropping resistor, the actual voltage applied to the cable will

be lower than the nominal. Because of the method of choosing the dropping resistors
on-line, the actual voltage is almost always within 109 of nominal except when the cable
IR falls below 18 ka at 50 V, 18 ka at 100 V, or 556 ka at 250 V. Based on simple voltage
divider calculations, Table A-1 shows the approximate applied voltage on the sample,
given the sample IR in ko and the nominal applied voltage. Because the IRs in this
paper are given on a 100-m basis, the IRs must be converted back to raw data before
using Table A-1. This conversion is done by multiplying the IR in 0-100 m by 100 and
dividing by the actual cable length (in meters), which is given in Table 2.

A.2.2 Implementation Problems and Solutions

Probablgethe major difficulty with implementing te above system is the high IRs that
had to be measured. Several techniques, which are not obvious from Figure A-1, are
used to overcome the difficulties associated with measuring hiigh impedances. For
illustrative purposes, assume that the IR to be measured is 10" @ at 100 V using the
60 Ma dropping resistor. This value was exceeded by some cables in our test, even at
“elevated temggratures. A typical relay has an isolation resistance of 10° o between open
contacts and between open contacts and the coil. ' ,

Based on the abov%, Figure A-2 is a circuit model that includes the input impedance of
the Keithley (5x10'q), the relay IR across open contacts, and the relay isolation from
the coil (which is essentially a ground connection). It should be noted that the relay coils
are somewhat isolated from "plant” ground since they use rectified voltages that may
float relative to "plant” ground. However, our experience has shown that this additional
isolation is not significantly higher than 10° . The effect of lack of isolation on the
measurement is severe. We now have a parallel path to afmund going in a reverse
direction through the unused dropping resistors. This paralle] path amounts to about
3.3x107 o, and the measured IR is then the Yarallel combination of the specimen and
3.3x107 , or essentially 3.3x10” a. This is clearly unacceptable. '

“These problems were solved usin specialized relays that are rated at 2 minimum

isolation of 10'*n and are capable of switching 200 V at 0.5 A and carrying 1.5 A. The
minimum breakdown voltage of the relay is 300 Vac across the contacts and 1000 Vac
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from the contacts to the coil. The manufacturer indicated that 250 Vdc and low currents
should present no problem for the relatively few switching operations required of the
relay in our application. Thus we decided to limit our test voltage to 250 V (initial plans
were to go as high as 1000 V using manual instruments) and use these relays.

Table A-1 Actual Applied Voltage as a Function of Sample IR and

ominal Applied Voltage
Nominal Applied Voltage (V)
Sample IR (kn) 50 100
1000 245 =90 2225
500 245 290 223
250 =45 =90 200
100 245 290 155
50 245 290 112
25 =45 =90 72
15 44 38 ae
10 42 83 *
5 36 71 b
4 33 67 s
3 30 60 **
2 25 50 b
1 17 33 e
0.8 14 29 b
0.6 12 23 **
0.4 8 17 **
0.2 5 9 **
0.1 2 5 e

** At 250 V, no measurement was possible at these conditions.

In addition to the 250 V limitation imposed by the relays, we were also limited to 250 V
gy the Keithley electrometer because its ir'lguts must float to the high voltage Ssee

igure A-2). To work around this limitation, the Keithley could be connected on the low
(return) side of the circuit. Unfortunately, there is no real access to the return line as is
implied in Figure A-2. The grounded cables and the grounded test chamber form the
ground reference for the measurement. As shown in Figure A-3, the return path via the
cables is accessible and the return current through the cables could be measured.
However, the test chamber is grounded and cannot be isolated. Thus any leakage
current to the chamber (i.e., anything except conductor to conductor leakage) would not
be detected if the Keithley were on the low side of the circuit.

Many measurement techniques (for both IR and transfer function) discussed in the
literature [A-5, A-8, A-10 and A-11], particularly those develoged for use on small
insulation samples, d:Yend on being able to have neither the cable under test nor the
"ground plane" actu Tl{ grounded, i.e., neither side of the insulation under test is
connected to ground. Thus, field implementation of these techniques may be limited by
the effect demonstrated in Figure A-3. It may be gossible to use highly isolated sources
(e.g., batteries) to circumvent the grounding problem, but this is not discussed in the
references, nor was it used in this work.
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An additional problem (already solved in Figure A-l? is imposed by the Keithley itself.
Anytime a high impedance measurement is bein e, the characteristic impedances of
the measuring device must be considered. e differential input im%edance of the
Keithley (5x10'3 9) is sufficient for accurate measurements even when the 60 Ma
dropping resistor is used. However, the impedance from the negative terminal of the
Keithley to ground is only specified at 10°a. A model for the "normal” connection of the
Keithley in this circuit 1s shown in Figure A-4. As can be seen from this figure, the
impedance of 10? q acts in parallel with the cable under test and again would essentially
destroy the measurement. In Figure A-1, the Keithley is connected in reverse of what
would normally be expected, i.e., it measures negative voltages. In the case of reversed
leads, the differential input impedance of 5x10" a becomes the minimum IR to ground
in parallel with the cable. The 10® a resistance simply becomes a shunt across the power
supply and has essentially no effect on the measurement. When connected in this
configuration, the effect of the Keithley input impedance is on the order of 2% or less at
cable IRs of 10" a, This is one of several effects that limit the upper range of our
measurements.

5x10 %0 1eéo
" VW
AN
Rmeas

1
108 V 180

=i

Figure A-4 Model for Normal Keithley Connection

A reasonable estimate of the maximum capability of our instrumentation as configured
may be found from baseline open circuit measurements. The typical minimum IR of the
open circuit is 5x10'2a. This IR includes limitations from aspects discussed above,
interconnecting wire contributions, and inherent instrument limitations. Without using

type of baseline correction, the oFen circuit IR is expected to cause errors of about
20% when measuring IRs of 1x10!2 g, or less than 2% when making typical
measurements at 1x10'! g or below.

A.3 TRANSFER FUNCTION

The transfer function is measured using the circuit shown schematically in Figure A-5.
Two different instruments are used to make the transfer function measurements, both
being controlled by a Hewlett Packard Model 216 comT‘Jlf_er. At "higher" frequencies,
over an effective range from about 100 to 500 kHz, the LF Analyzer is used (obviously
we have different perspectives of "low" frequency than Hewlett Packard). This
instrument uses an oscillator to excite the device under test in combination with a vector
voltmeter to detect the complex voltage applied to the specimen and a vector ammeter
to detect the complex current through the specimen. A four terminal network is used to

A-6



make the measurement, which may be displayed in a variety of formats (i.c., capacitance,
dissipation factor, conductance, magnitude and angle, etc.). This instrument is capable
of making measurements on a cable even when one side of the insulation under test is at
ground potential. However, it should be noted that different results are obtained when
one side is grounded as compared to having both sides floating. The reason for this
behavior is illustrated in Figure A-6. In Figure A-6(a), neither side of the cable is
Erounded and the measurement is just the series combination of the two insulations

etween the conductors. In Figure A-6(b), with conductor #2 grounded, an additional
path is introduced in tEarallel with the conductor #2 insulation to ground. This parallel
Fath, which includes the jacket of multiconductor cables, consists of any paths to ground
rom conductor #1 except the path through the insulation of conductor #2. The
significance of this aflath is tgartimlarly pronounced for single conductor cables which rely
heavily on the parallel path to form a ground plane for the measurements. It should be
noted that the effects illustrated in Figure A-6 apply to any type of electrical
measurement.

HPIB Interface

W gm0 Hewlett Packard
Datalogger < » > Model 216 Computer
A
HPIB “HPIB
Hewlett Packard f
Mode) 3582R (II113 | Hewlett Packard
Spectrum Analyzer @ Model 4192A Low Frequency
: i Impedence Analyzer
) nputs
/ro l | —]
White (57)
Noise | | | ' Datalogger
Source Slot 3, ch 1
| . Conductor under
I HQ - | ‘ I test (all other
N — - 'L conductors grounded)
Ithaco Model 1201 [, [ OO (ida T |
Low Noise Preamp. I 2 Datalogger =

Out I
Differential Input pt "wnf Slot 3, ch @

Transfer Functions

Figure A-5 Schematic of Transfer Function Measurement Circuitry

- At lower frequencies, over an effective range from about 0.3 to 200 Hz, a Hewlett
Packard Model 3582A spectrum analyzer (SA), driven by a white noise source is used.
The white noise is provided by the spectrum analyzer and is fed to channel A of the
analyzer. The input to channel B of the analyzer is from the signal across the nominal
1 Mo resistor in series with the cable. The spectrum analyzer obtains the Fast Fourier
- Transform (FFT) of the transfer function between V;, and V,, and transmits the
amplitude ratio and phase difference between Vj, and Vo, to the computer. These data
are then processed by the computer to provide measures of capacitance and dissipation
factor (as a function of frequency) of the cable under test.
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Figure A-6 Comparison of Ungrounded and Grounded Configurations

The preamplifier shown in Figure A-5 is used in the voltage follower mode
glmtput=input). The preamplifier has an input impedance of greater than 10° q in the

ifferential mode and a input capacitance of about 8 pF. The input capacitance of the
preamplifier limits the upper frequency for effective measurements using the
analyzer. For example, at 1000 thimpedance due to the capacitance is
1/R*x*£*C)=1/(2* = * 1000 * 8x10"%) = 20x10°q. As this impedance is a factor
of 20 above the nominal 1 Ma resistor, it would only be expected to create errors on the
order of 5%. However, in practice the phase shift associated with the capacitance can
cause additional difficulty.

We were able to obtain dissipation factor data from the LF analyzer down as low as
30 Hz (by changing the instrument settings to display conductance rather than dissipation
factor), but the data is somewhat variable and unreliable and the LF analyzer generally
did not make effective dissipation factor measurements below about 100 To provide
a reasonable overlap region for comparison with the LF measurements, we wanted the
SA system to make measurements up in the range of 1000 Hz. After correcting the data
reduction routines for the amplifier input capacitance, we discovered that a more
significant problem is that the calculation of dissipation factor from the spectrum
analyzer data becomes extremely sensitive at higher frequencies. Thus, the two
independent dissipation factor measurements are each least accurate in the overlap
region. When calculating capacitance, the sensitivity and amplifier input impedance
problenés are not very important and good agreement in the overlap region can be
expected.
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Appendix B Thermal and Radiation Data

This appendix gives radiation and thermal aging exposure data for the cables in each test
chamber. The temperature data was normally recorded hourly. On several occasions
over the long-term exposures, data was lost from the mass storage medium of the
computer (see summary of test anomalies in Appendix J). However, review of daily logs
indicated that temperatures did not deviate significantly from the trends shown in the
ﬁﬁures. The sample ID numbers used in Table B-1 correspond to those given in Table 3.
A sgl included in this appendix is transient temperature data from each accident
simulation. '
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~ Table B-1 Exposure Data for 15-cm. Insulation Specimens

Sample ID Aging Aging Accident Total
Dose Rate1  Dose Rate 2 Dose Rate Dose
(Gy/hr) (Gy/hr) (kGy/hr) (kGy)
Brand Rex
1-3-3 0 71.8 0 157
1-3-3R 0 748 433 1070
1-6-1 0 64.6 0 479
1-6-2 0 583 0 83.6
1-6-3L 0 61.8 0 128
1-6-3F 459 0 0 110
1-6-4 49.6 59.3 0 157
1-6-5 41.4 65.6 0 186
1-6-6 48.8 589 0 239
1-6-6R 443 62.5 4.58 1120
1-6-R 0 0 4.56 876
1-9-1 0 349 0 26.7
1-9-2 0 38.7 0 55.5
1-9-3 0 -36 0 81.6
1-9-6 855 369 0 319
1-9-7 825 398 0 346
1-9-8 87.1 358 0 377
1-9-9 717 445 0 405
1-9-9R 82 402 4.56 1280
Rockbestos
2-3-3 0 74.5 0 163
2-3-3R 0 79.5 4.35 1080
2-6-1 0 674 0 50
2-6-2 0 71 0 102
2-6-3L. 0 699 0 145
2-6-3F 35.6 0 0 85.2
2-64 342 722 0 128
2-6-5 37.7 68.5 0 182
2-6-6 43.7 63.2 0 236
2-6-6R 404 65.6 4.59 1110
2-6-R 0 0 4.57 878
2-9-1 0 35.6 0 272
2-9-2 0 376 0 53.9
2-9-3 0 36.7 0 832
2-9-6 88.8 37.7 0 331
2-9-7 893 386 0 366
2-9-8 88.1 36.5 0 382
299 783 454 0 410
2-9-9R 824 41.7 4.56 1290
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Table B-1 Exposure Data for 15-cm. Insulation Specimens (cont)

Sample ID Aging - Aging - Accident Total
Dose Rate 1  Dose Rate 2 Dose Rate Dose
(Gy/hr) (Gy/hr) (kGy/hr) (kGy)
Raychem
3-3-3 0 65 0 142
3-3-3R 0 68.1 4.38 1060 -
3-6-1 0 77.2 0 572
3-6-2 0 75.2 0 108
3-6-3L 0 78 0 162
3-6-3F 572 0 0 137
3-64 60.6 76.4 0 194
3-6-5 . 53.7 78.4 0 233
3-6-6 56 69 0 277
3-6-6R - 56.9 72.7 4.71 1190
3-6-R 0o - 0 4.66 896
3-9-1 0 733 0 56
3-9-2 0 77.8 0 112
393 0 77 - 0 175
3-9-6 52.7 79.1 0 267
3-9-7 48.8 79.9 0 322
3-9-8 57 752 0 389
3-9-9 55.6 70.4 0 425
3-9-9 53.7 73.7 4.57 1310
Polyset
4-3-3 0 77.8 0 170
4-3-3R 0 822 4.37 1090
4-6-1 0 74.1 0 54.9
4-6-2 0 724 0 104
4-6-3L 0 74.3 0 154
4-6-3F 318 0 0 76.1
4-6-4 327 73.6 0 126
4-6-5 322 752 0 177
4-6-6 40.9 66.2 0 235
4-6-6R 36.1 69.8 4.62 1120
4-6-R 0 0 4.59 881
4-9-1 0 45.6 0 34.9
4-9-2 0 39.6 0 56.7
4-9-3 0 425 0 96.3
4-9-6 88.6 43.6 0 338
4.9-7 89.1 40.6 0 369
4-9-8 86.4 46.8 0 405
4-9-9 78.2 48.1 0 419
4-9-9R 835 44.7 4.57 1300
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Table B-2 Exposure Data for 15-cm. Jacket Specimens

Sample ID Aging Aging Accident Total
Dose Rate1  Dose Rate 2 Dose Rate Dose
(Gy/hr) (Gy/hr) (kGy/hr) (kGy)
Brand Rex
1-3-3 0 66.1 0 144
1-3-3R 0 71.6 435 1070
1-6-1 0 48.6 0 36.1
1-6-2 0 54.1 0 715
1-6-3L 0 525 0 109
1-6-3F 575 0 0 138
1-6-4 55 55 0 167
1-6-5 613 494 0 213
1-6-6 59.9 49.7 0 247
1-6-6R 59.3 50.4 4.57 1120
1-6-R 0 0 4.55 875
1-9-1 0 43.8 0 335
1-9-2 0 40.9 0 58.7
1-9-3 0 412 0 93.5
1-9-6 82.5 423 0 317
1-9-7 814 42 0 348
1-9-8 81.1 45 0 383
1-9-9 74.1 504 0 414
1-9-9R 711 472 4.6 1300
Rockbestos
2-3-3 0 61.8 0 135
2-3-3R 0 68.3 4.38 1070
2-6-1 0 45 0 334
2-6-2 0 41.6 0 59.6
2-6-3L. 0 38.2 0 79.3
2-6-3F 73.5 0 0 176
2-6-4 69.5 423 0 194
2-6-5 65.6 45.7 0 218
2-6-6 66.7 43.8 0 250
2-6-6R 68.3 42.7 4.6 1140
2-6-R 0 0 4.56 877
2-9-1 0 459 0 35.1
2-9-2 0 48.8 0 69.9
2-9-3 0 529 0 120
2-9-6 80.7 54.3 0 326
2-9-7 82 50.1 0 366
2-9-8 81.8 472 0 391
2-99 72.1 55.9 0 427
2-9-9R 771 525 4.67 1330
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Table B-2 Bxposure Data for 15-cm. Jacket Specimens (cont) - -

Sample ID g ing Accident Total -
Dose Rate 1  Dose Rate 2 Dose Rate - . Dose
(Gy/hr) (Gy/hr) (kGy/hr) (kGy)
Polyset
4-3-3 0 559 0 122 -
4.3-3R 0 59.3 442 1050
4-6-1 0 36.2 0 26.9
4-6-2 0 34.6 0 49.6
4-6-3L 0 323 0 66.9
4-6-3F 80.2 0 0 192 .
4-6-4 7.1 35.2 0 207
465 752 36.8 0 . 229
4-6-6 70.1 40.6 o . 252
4-6-6R 734 378 4.59 1140
4-6-R 0 0 4.56 876
4-9-1 0 55.8 0 427
4-9-2 0 59.6 0 85.5
4-9-3 0 634 0 144 -
4-9-6 73.5 65.1 0 316
4-9-7 75.1 612 0 367
4-9-8 7.8 573 0 406
4-9-9 68.2 615 0 434
4-9-9R 721 60.5 4.68 1340
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Table B-3 Exposure Data for 36-cm. Single Conductor Specimens

Sample ID Aging Aging Accident Total
Dose Rate1 Dose Rate 2 Dose Rate Dose
(Gy/hr) (Gy/hr) (kGy/hr) (kGy)
Brand Rex
1-3-3 0 744 0 162
1-3-3R 0 711 415 1160
1-6-1 0 578 0 429
1-6-2 0 549 0 78.6
1-6-3L 0 526 0 109
1-6-3F 71.8 0 0 172
1-6-4 60.7 55.7 0 181
1-6-5 56.5 58.7 0 214
1-6-6 595 553 0 257
1-6-6R 60 552 5.01 1220
1-6-R 0 0 4.99 959
1-9-1 0 46.6 0 35.7
1-9-2 0 482 0 69.1
1-9-3 0 80.5 0 183
1-9-6 545 - 827 0 277
1-9-7 894 495 0 388
1-9-8 89.2 479 0 417
1-9-9 83 544 0 456
1-9-9R 86.1 515 5.04 1430
Rockbestos
2-3-3 0 72.6 0 159
2-3-3R 0 74.8 4.77 1160
2-6-1 0 479 0 355
2-6-2 0 47.8 0 68.4
2-6-3L 0 522 0 108
2-6-3F 64.1 0 0 153
2-6-4 812 48.5 0 225
2-6-5 684 48.7 0 229
2-6-6 65.5 50.3 0 261
2-6-6R 65.3 509 5.02 1230
2-6-R 0 0 5 962
2-9-1 0 52.2 0 40
2-9-2 0 91.5 0 131
2-9-3 0 50.5 0 115
2-9-6 889 519 0 349
2-9-7 4.1 93.9 0 336
2-9-8 89.2 53.6 0 432
2-9-9 82.6 572 0 465
2-99R 86.2 53.8 5.07 1440
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Table B-3 Exposure Data for 36-cm. Single Conductor Specimens (cont)

Sample ID A%'?g Aging Accident Total
Dose Rate 1  Dose Rate 2 Dose Rate Dose
(Gy/br) - (Gy/hr)  (kGy/hr) (kGy)
Raychem
3-3-3 0 51.7 0 113
3-3-3R 0o 46 4.87 1120
3-6-1 0 33.1 0 24.6
3-6-2 0 35.7 0 511
3-6-3L 0 527 0 109
3-6-3F 74.7 0 0 - 179
3-64 - 85.6 362 0 228
3-6-5 86.7 33.6 0 252
3-6-6 76 427 0 270
3-6-6R 812 38.1 5.03 1240
3-6-R 0 0 5.01 963
39-1 0 86 0 65.8
392 - 0 88.7 0 127
3-9-3 0 84.9 0 192
3-9-6 494 872 0o 266
3-9-7 554 91.1 0 366
3-9-8 603 88.3 0 435
399 61.1 80.3 - 0 477
3-9-9R 58.5 85.5 512 1470
Polyset
4-3-3 0 68.6 0 150
4-3-3R 0 71.1 4.78 1150
4-6-1 0 44.7 0 332
4-6-2 0 41.9 0 60.1
4-6-3L 0 435 - 0 90.3 .
4-6-3F 73.7 0 0 177
4-6-4 75.1 42.6 0 207
4-6-5 718 454 0 233
4-6-6 68.2 47.7 0 262
4-6-6R 70.2 46.3 - 5.02 1230
4-6-R 0 0 4.99 959
4-9-1 0 55.9 0 42.7
4-9-2 0 58 0 83.1
493 . 0 56.3 0 128
4-9-6 893 57.8 0 357
4-9-7 879 59.5 0 405
4-9-8 813 574 0 437
4-9-9 79 61.8 0 470
4-9-9R 83.2 59.3 5.09 1450




Table B-4 Exposure Data for 36-cm. Multiconductor Specimens

Sample ID A Agin Accident Total
P Dosegll{néf‘te 1 Dose Ragte 2 Dose Rate Dose
(Gy/hr) (Gy/hr) (kGy/hr) (kGy)
Brand Rex
1-3-3 0 80.1 0 175
1-3-3R 0 86.8 4.77 1190
1-6-1 0 77 0 571
1-6-2 0 81.9 0 117
1-6-3L 0 85.9 0 178 -
1-6-3F 373 0 0 89.3
1-6-4 . 36.1 832 0 140
1-6-5 392 78.3 0 198
1-6-6 427 73.8 0 255
1-6-6R 46.6 69.9 5.03 1220
1-6-R 0 0 5.07 975
1-9-1 0 62.4 0 47.7
1-9-2 0 63.1 0 90.5
1-9-3 0 67.8 0 154
1-9-6 853 69.6 0 359
1-9-7 878 64.8 0 416
1-9-8 85.1 64.1 0 448
1-9-9 82 63.3 0 484
1-9-SR 789 63.2 4.96 1430
Rockbestos
2-3-3 0 94.5 0 206
2-3-3R 0 85.9 4.76 1180
2-6-1 0 74.5 0 55.3
2-6-2 0 814 0 117
2-6-3L 0 79.5 0 165
2-6-3F 352 0 0 843
2-6-4 319 82.6 0 129
2-6-5 38.5 75.7 0 193
2-6-6 348 77.3 0 244
2-6-6R 423 71.4 5.04 1220
2-6-R 0 0 5.1 980
2-9-1 0 58 0 444
2-9-2 0 54.6 0 783
2-9-3 0 59.1 0 134
2-9-6 920 60.7 0 363
2-9-7 94.7 56.1 0 419
2-9-8 87 59.6 0 442
2-9-9 91.8 55.1 0 487
2-9-9R 83.8 59 498 1430
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Table B-4 Exposure Data for 36-cm. Multiconductor Specimens (cont)

Sample ID ing - Aging Accident Total
Dose Rate1  Dose Rate 2 Dose Rate Dose

(Gy/hr) (Gy/hr) (kGy/hr) (kGy)

Polyset

.4-3-3 0 91.6 0 200
4-3-3R 0 87.3 4.77 1190

4-6-1 B () 726 -0 53.8
4-6-2 0 754 0 108

- 4-6-3L 0 79.9 0 166
4-6-3F 31.7 0 -0 76
- 4-6-4 349 76.6 0 133
4-6-5 - 384 73.7 0 . 190
4-6-6 425 69.6 0 - 246

- 4-6-6R 38.8 72 - 5.04 1210
4-6-R 0 0o . 5.02 966

4-9-1 0 53.7 0 41.1

4-9-2 0 49.7 0 713
4-9-3 0 504 -0 114
4-9-6 96.8 51.8 0 374
4-9-7 93.7 511 0 406
4-9-8 88.7 55.1 -0 435
4-9-9 - 85.7 548 0 - 466
4-9-9R 90.6 504 .. 5 1430
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Table B-5 Temperature During Accident Test Transients

AT3 AT6 AT9
Time Temp Time Temp Time Temp
(hr) ¢ C) (hr) ¢ C) (hr) (°O)
0.003 19.6 0.000 19.9 0.000 218
0.088 204 0.085 20.1 0.084 22.1
0.09 1328 0.087 120.0 0.087 55.0
0.093 1512 009 - 149.3 0.09 138.2
0.096 1522 0.093 154.4 0.095 156.6
0.098 1554 0.117 158.3 0.098 154.9
0.101 156.6 0.133 160.1 0.100 152.0
0.149 161.1 0.217 164.5 0.106 157.6
0.192 163.3 0.257 166.2 0.127 159.1
0.227 164.2 0.302 168.4 0.132 159.3
0312 166.2 0.356 171.1 0.170 1603
0.424 169.2 0.671 174.6 0.229 162.5
0.483 171.1 0.730 170.6 0.266 164.0
0.571 1723 0.794 1743 0.272 164.0
0.688 173.1 0.825 170.1 0.347 166.2
0.774 175.0 0.878 166.2 0.464 167.7
0.832 174.1 0.937 170.1 0.538 170.6
0.998 174.3 0.998 169.4 1.000 1709
5.013 79.8 5.324 56.0 5.009 614
5.101 78.1 5.356 555 5.064 60.4
5.103 111.7 5.409 54.7 5.085 61.6
5.106 152.7 5414 139.2 5.088 1333
5.109 159.1 5418 1554 5.090 1473
5.164 160.1 5.422 157.6 5.093 148.8
5.170 160.3 5.459 159.1 5.096 151.0
5.178 161.1 5.468 159.6 5.098 152.7
5.226 1633 5.476 160.1 5.104 153.9
5.239 163.8 5.480 160.3 5.112 155.2
5242 164.0 5.484 161.1 5.130 156.9
5292 165.5 5.526 163.8 5.154 158.1
5.375 163.5 5.580 167.2 5.157 1583
5.380 1633 5.651 169.9 5.197 161.3
5.391 162.8 5.655 1704 5.219 163.0
5.494 166.5 5.692 171.1 5.245 163.5
5.558 167.7 5.751 170.4 5.301 165.0
5.644 169.2 5.821 171.6 5.386 167.2
5.755 170.9 5.825 171.6 5.481 168.4
5.761 171.1 5.863 171.6 5.566 1704
5.909 1719 5.921 1719 557 1704
6.000 171.1 6.000 171.9 5.996 173.1
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Appendix C Insulation Resistance During Aging and After Accident Radiation

In this appendix; conductor identification numbers are as given in Table 2. Where

measurements on more than one conductor form the basis for a data point, the error bar

fll;ovgn around the symbol for that data point represents one sample standard deviation of
e data.
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Insulation Resistance (Ohm-1P8 meter)
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Figure C-6 250 V IR of Rockbestos Cable During Aging
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Figure C-12 250 V IR of Polyset Jacket During Aging
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Figure C-14 100 V IR of Raychem Cable During Aging
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Figure C-16 250V PI (5 min/30 s) of Brand Rex Cable During Aging
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Table C-1 Insulation Resistance Data After Accident Radiation Exposures

3-month Chamber
After Accident Radiation -
100V

Brand Rex X1.PO
1.98E+10 1.70E+10

1
2 223E+10 1.75E+10
3 3.01E+10 1,41E+ 10

Rockbestos Firewall ITT

12  625E+10 4.89E+10

13  4.77E+10 5.55E+10

14 9.11E+10 5.63E+10
Dekoron Polyset

19 129E+10 128E+10

20 121E+10 2.89E+10

21 1.62E+10 146E+10

41  422E+08 335E+08

Raychem Flamtrol

27 69SE+10  ****
28 435E+10 S27E+10

**#* IR too high to measure -

S c11

- 9-month Chamber
After Accident Radiation
Cond # S0V 100V

1 2.07E+10 136E+10
2 1.59E+10 131E+10
3 1.60E+10 1.69E+10
14 243E+10 1.84E+10
15 1.51E+10. 235E+10
16 244E+10 1.90E+10
17 1.68E+10 1.84E+10
18 2.10E+10 1.95SE+10
19 242E+10 2.16E+10
24 3.83E+09 3.13E+409
25 329E+09 334E+09
26 402E+09 347E+09
27 4.63E+09 3.98E+09
28 439E+09 4.11E+09
29 498E+09 447E+09

55 732E+7 627E+7

56 8.00E+7 6.93E+7
35 6.59E+10 6.04E+10
36 296E+10 4.84E+10

751E+10 b

250V

1.10E+10
173E+10
1.50E+10

217E+10
2.70E+10
2.95E+10
1.83E+10
231E+10

226E+10

2.59E+09
251E+09
2.83E+09
3.34E+09
3.37E+09
3.61E+09

6.51E+7

7.13E+7

6.53E+10
5.76E+10
733E+10




Table C-2 Polarization Index Data at Ambient Temperature

Note All PIs in this table are the 250 V IR at 5 minutes
divided by the 250 VIR at 30s.

CondCham3 Cham3 Cham 6 Cham6 Cond Cham9 Cham9 Cham?9
i Month Q Month 3 Month 0 Monthé _# Month4 Month9  After
. nglgngn

Brand Rex XLPO
1 321 649 249 331 1 256 493 2.76
2 252 438 233 250 2 228 296 2.20
3 342 463 245 385 3 —— 3.63 2.70
Rockbestos Firewall 11 _
12 **3* 403 295  ex {4 548 — 5.70
13 *sss sas D75 ssex 15 418 — 6.15
14 *s*s 431 292 16 397 @ s 6.49
17 367 630 5.57
18 454 632 5.08
19 315 542 424
Dekoron Polyset
19 257 223 208 292 24 291 2.34 1.95
20 211 217 198 226 25 246 247 1.75
21 227 207 201 314 26 263 208 2.03
27 350 265 1.98
28 335 3.4 1.83
29 463 272 1.99
41 0 143 109 222 55 - 120 1.05
56 — 1.17 1.04
Raychem Flamtrol

27 2253 LR X ] . 368 b2 3 35 164 SERR L2 % 2]
28 583 2XS: 349 1.81 36 2:7‘7 L2 2 k] 2 X 3 J

37 L2 2 R ] LR 2 R 2 R 2

-— No measurement
**** No PI because IR too high to measure
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Appendix D Capacitance and Dissipation Factor During Aging
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. Figure D-1 Capacitance of Brand Rex Conductor #1 During Aging
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Figure D-2 Capacitance of Brand Rex Conductor #2 During Aging
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Figure D-4 Capacitance of Rockbestos Conductor #14 During Aging
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Figure D-6 Capacitance of Rockbestos Conductor #16 During Aging
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Figure D-7 Capacitance of Rockbestos Conductor #17 During Aging
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Figure D-12 Capacitance of Dekoron Polyset Conductor #26 During Aging
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Figure D-14 Capacitance of Dekoron Polyset Conductor #28 During Aging
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Figure D-15 Capacitance of Dekoron Polyset Conductor #29 During Aging
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Figure D-16 Capacitance of Raychem Conductor #35 During Aging
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Figure D-28 DF of Dekoron Polyset Conductor #24 During Aging
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Figure D-32 DF of Dekoron Polyset Conductor #28 During Aging
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Appendix E Elongation and Tensile Strength Data

In this appendix, relative tensile strength and relative elongation are presented for each

cable type. Error bars around each data point symbol represent one sample standard

deviation of the data. The data point at 0 kGy total dose on each plot is from virgin

cable specimens. The data points between 0 and 600 kGy are from samples exposed to

aging only. The data points at 800-1000 kGy are from samples that were exposed only to

accident radiation. ('Iggsc samples were placed in the 6-month chamber after aging, but
rior to the accident radiation exposure.) Finally, the data points beyond 1000 are
om samples exposed to both aging (either 3, 6, or 9 months) and accident radiation.
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Appendix F Data from EPRI/Franklin Cable Indenter and Hardness Data

In this appendix, relative modulus and hardness are presented for each cable type. Error
bars around each data point symbol represent one sample standard deviation of the data.
The data point at 0 kGy total dose on each plot is from virgin cable specimens, The data
points between 0 and 600 kGy are from samples exposed to aging only. The data points
-at 800-1000 kGy are from samgyles that were exposed only to accident radiation. (q'(l:ese
samples were placed in the 6-month chamber after oggm , but prior to the accident
radiation exposure.) Finally, the data points beyond 1 kéy are from samples exposed
to both aging (either 3, 6, or 9 months) and accident radiation.



(M/ﬂe)

Modulus

(M/M_)

Modulus

w
(W

n
[4))

N
o

—
&)

W

X

- 3 Mo. Chamber 2 - 6 Mo, ‘Chgmber : O - 9 Mo. Chamber
Me= 120 N/mm (690 1b-/1n)
| F
- x ) ‘
i s a0 Eh’cp a % ‘}
s B |
[+ 4]
. 2 a
=2
S I . | DR | I 1 N i N { . i
] 2P0 109 500 860 10006 1200 1400
Total Dose (kGy)
Figure F-1 Indenter Modulus of Brand Rex Insulation
X - 3 Mo. Chamber D - 6 Mo, Chamber 3 - 9 Mo. Chamber
Mo= 13 N/mm (?7 1b/1n)
[
N h
i o %
5 T o
i
_ a X
Yo ‘ , e
T ' 1 M R n | i . N 1 | Y | 1 1
%] 2@0 400 600 800 1000 1200 1400

Total Dose (kGy)

Figure F-2 Indenter Modulus of Brand Rex Jacket



o’

(MM

Modulus

(M/Ma)

Modulus

30.
25.
20.
15.

19.

-

Total Dose

Figure F-4 Indenter Modulus of Rockbestos Jacket

F-2

(kGy)

- 3 Mo. Chamber 2 - 6 Mo. Chamber - 9 Mo. Chamber
Mg= 130 N/7mm (718 lb-1n)
- By th
aX t
a
a
1 ) t . 1 " 1 1 1 1 ; 1
%} 200 480 6008 800 1880 1200 1400
Total Dose (kGy)
Figure F-3 Indenter Modulus of Rockbestos Insulation
- 3 Mo. Chamber O - 6 Mo. Chamber -9 Mo. Chamber
Ma= 17 N/mm (98 lb-/1n)
PN %%
f o=
(& 4]
a
X
4;‘5
& 4]
O
43 A
Efj R 1 o - 1 ' L | . i
7} 200 400 689 8080 1900 12006 1400



0’

(M7M

Modulus

(M/M_)

Modutus

X - 3. Mo. Chamber L - B Mo. Chamber O -9 Mo. Chamber
L Mg= 66 N/mm (380 lb/1n)
[ a
8 x %#
I £a)
N A @
(]
= %fz@ S
L. A A
!
] [ ' i 1 1 1 | " i . 1 1 1 1 }
%] 200 480 660 8008 1060 12008 1400
Total Dose (kGy)
Figure F-S Indenter Modulus of Dekoron Polyset Insulation
X - 3 Mo. Chamber D - 6 Mo, Chamber O - 9 Mo. Chamber
Mg= 21 N/7mm (120 lb-/i1n)
5 %] @
h
) A5
® i
428
i $ L
- e
- m A
[ { 1 A Y { M A . i L i " i 1 i
(%) 260 4400 600 800 18680 12008 1400
"“"Total Dose (kGy)

Figure F-6 Indenter Modulus of Dekoron Polyset Jacket

F-3



2.5
~s 2.0
=
N
=
1.5
7]
3
J
2
s 1.0
8.5
2.0
1.75
l"\& '
T 1.5
I
o 1.25
(7]
[ )]
C
T 1.0
| 9
0]
I
8.75
8.5

X - 3 Mo. Chamber A -~ 6 Mo. Chamber 0 - 9 Mo. Chamber
Mg= 148 N/mm (8280 1b/1n)
N %
- 41 *
4 x ﬁ:‘ﬂi b
2 a
L. mTas
1 M P 1 : 1 . 1 : L e
a 2069 400 600 800 1000 1208 1409
Total Dose (kGy)
Figure F-7 Indenter Modulus of Raychem Insulation
X = 3 Mo. Chamber A - 6 Mo. Chamber O3 - 9 Mo. Chamber
| Ha= 51
i N o= x
[ aA
é A
=
[ a
- @
] L A 1 X { 1 i " S . i L A ]
%) 200 400 600 800 1080 1280 1400

Total Dose (kGy)

Figure F-8 Hardness of Brand Rex Jacket

F-4



2.
1.75

n@

T 1.5

I

o 1.25

174

[1}]

C

T 1.0

[ &

o]

I
.75
8.5
2.0
1.75

n&

T 1.5

I

0 1.25

7]

)]

C

T 1.0

[ &

[}

I
8.75
8.5

X - 3 Mo. Chamber 2 - 6 Mo, Chamber 3 - 9 Mo. Chamber
i Ha- ?5
-
[
[
- =z &
[ VN
[ =
[ =

1 M ] . ] N (1 M 1 2 [ — 1 2 i

%] 200 4100 660 800 1000 12008 14008

Total Dose (kGy)
Figure F-9 Hardness of Rockbestos Jacket

X - é Mo. Chamber 2 - 6 Mo, Chamber O - 9 Mo. Chamber

Ha= ?8

=TT T Y

| 1 i t 1 L i 1 | 3 ] n 1

(% 280 4189 600 8aa 1600 1200 1400
| Total Dose (kGy)

Figure F-10 Hardness of Dekoron Polyset Jacket

F-5



Appendix G Density Data

In this appendix, relative density is presented for each cable type. Error bars around
each data Eoint symbol represent one samﬁ;_;le standard deviation of the data. The data

oint at 0 kGy total dose on each plot is from virgin cable specimens. The data points

etween 0 and 600 kGy are from samples exposed to aging only. The data points at
. 800-1000 kGy are from samples that were exposed only to accident radiation. (These
samples were placed in the 6-month chamber after aging, but prior to the accident
radiation exposure.) Finally, the data points beyond 1000 kGy are from samples exposed
to both aging (either 3, 6, or 9 months) and accident radiation.
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Appendix H Modulus Profiles
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Appendix I IR of Each Conductor During Accident Testing

In this appendix, conductor identification numbers are given by the chamber number (20,
40, or ased on the nominal life simulated during the aging in that chamber), followed
a conductor number from Table 2. Some of the plots only show the data from the
eithley because those conductors were connected to ground during the on-line
measurements (see Figures 8-9). In each of the figures, one plot shows the data for the
first 20 hours of the test and a second plot shows data for the entire test. The discrete
measurements shown on the plots are identified as Keithley measurements at 50, 100, or
250 Vdc (see Appendix A). Note that the upper limit for reasonably accurate continuous
measurement is somewhere above 1 Ma-100 m (see Appendix A).
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Appendix J--Significant Test Anomalies

The following list discusses a number of test anomalies that occurred during the test

ogram. A detailed discussion of minor anomalies, such as power outages, is not

included.

1.

Loss of data during aging—As a result of problems with a disk used to store the aging
data, several segments of data were lost for the 6- and 9-month chambers. Bac
printouts and logs kept during aging were used to verify that the temperature in the
chamber did not deviate significantly from the desired conditions. Thus, there was
no adverse effect from the loss of data.

Loss of data loggers during AT6--Between about 1.8 and 2.3 hours into AT6 (during
the first dwell at the peak temperaturt:g and again between about 4.0 and 4.5 hours
into AT6 (during the cooldown after the first transient), data loggrei: readings were
lost as a result of a problem with the data logger input boards. The problem was
corrected and the test was continued uninterrupted. The only adverse effect of the
problem was the loss of IR data during the time when the data logger was

- malfunctioning.

Moisture out ends of cables during accident tests--During all of the accident tests,
moisture dripped from the ends of some of the cables outside the test chamber.
During AT6 Sthe first accident test run), a few of the conductors leaked enough to
potentially disrupt the leakage current monitoring system by leakage on a
connection panel. The most leakage occurred from Kapton and silicone rubber
insulated cables and monitoring of these cables was somewhat affected by the
leakage. The redundant IR monitoring s_iv;tem (using the Keithley electrometer)
was not affected by the water dripping. The IR data during the LOCA that was
potentially affected by the water dripping has been deleted from the continuous IR
data plots. An improved connection panel in the remaining accident tests precluded
any adverse effects of the water dripping.

Damage to thermocouples as a result of accident tests-FollowinIg AT6 and ATY, the
stainless steel thermocouple sheaths were found damaged. In several cases, the
bare conductors were visible through the mineral insulation. Because of the
consistency of the thermocouple data (and its relation to pressure) during the
accident tests, there was no significant temperature error as a result of the dama'ie.
However, it is possible that the thermocouples acquired false junctions and that the
actual measured temperature was at a different location than the end of the
thermocouple. Since the chamber temperature was very uniform during the
accident tests, this anomaly had no adverse effects on the test results. The most
likely cause of the damaged thermocouples is from chloride attack originating in
cable jacket materials. Inconel thermocouples eliminated this type of damage
during subsequent testing.



DISTRIBUTION:

Atomic Energy of Canada, Ltd
Attn: E. C, Dav

Instrument and Control Branch
Chalk River Nuclear Laboratories
- Chalk River, Ontario KOJ lJO
CANADA

Atomic Energy of Canada, Ltd.
Attn: S. Nish i
1600 Dorchester Boulevard West
Montreal, Quebec H3H 1P9 o
CANADA

Canada Wu'e and Cable Limited
Attn: Z. S. Paniri

Power & Control Products Dmsxon
22 Commercial Road

Toronto, Ontario

CANADA M4G IZ4

Commissariat a I'Energie Atoxmque |

CIS Biointernational:
Attn: G. Gaussens
"~ J. Chenion
F. Carlin
BP No 32
91192 fo-Sur-Yvette CEDEX
FRANCE

RI(3)

Commissariat a l’Energle Atoxmque
Attn: J. Campan
he DRE/STRE

CEN Cadarc|
BPNo1l
13115 Saint Paul Lez Durance -
FRANCE
Electricite de France (2)
Attn: G, Kauffman -
C.Re ‘
S.EP.T.EN. - :
2, 14 Ave. Dubrieroz -
69628 Villeurbanne
Paris, FRANCE -

Electricite de France

Attn: F, Duchateau -

Direction des Etudes et Recherches .
1, Avenue du General de Gaulle
92141 CLAMART CEDEX -
FRANCE

CEA/CEN -FAR 3
Attn: M. Le Meur '
‘ J. Calmet
G. Gauthier
Departement de Surete Nucleaire -
Service d’Analyse des Matériels -
et Structures
B.P. 6
92260 Fontenay-aux-Roses
FRANCE

Electricite de France (2)
Attn: M, Pag
orison

Direction des Etudes et Recherches
Les Renardieres .
Boite Postale No 1

77250 MORET SUR mRING
FRANCE

FRAMATOME (2)
Attn: G, Chauvin
E. Raimondo
Tour Fiat - Cedex 16
92084 Paris La Defense
FRANCE .

ITT Cannon Electnc Canada
Attn: B, D. Vallillee :
Four Cannon Court S
Whit Ontano LINSVS
CAN

Ontario Hydro (2)
Attn: R, \Ky
B.Ku

700 University Avenue
Toronto, Ontario MSG 1X6
CANADA

R. McCoK |
Yankee Atomic Electnc Company
1671 Worcester Road
Frammgham, MA 01701

M. Shaw

Institute of Materials Sc1ence
University of Connecticut
Box U-136 : :
97 N. Eagleville Rd.

Storrs, 06268

. DIST-1



K. W. Brown

Tennessee Valley Authority
Electrical and Technical Services
W11C110 ~

400 W. Summit Hill Drive
Knoxville, TN 37902

W. Farmer (5
USNRC
M/S NL-005

S. D. Alexander
USNRC
M/SO 9D4

R. Moist
USNRC
M/SO 9D4

U. Pota
USNR
M/SO 9D4

R. Wilson
USNRC
M/S OWFN 9D4

H. Gar
USNR /OSP
M/S

A. Marinos
USNRC JOSP
M/S

H. Walker
USNRC/NRR/OSP
M/S 8D1

C. Anderson
USNRC Region 1

R. Paolino
USNRC Region 1

N. Merriweather
USNRC Region II

C. Paulk
USNRC Region IV

T. Stetka
USNRC Region IV

G. Hubbard
USNRC/NRR
M/S 8D1 OWFN

P. Shemanski
USNRC/NRR
M/S11 OWEN

G. Toman

ERCE

2260 Butler Pike

Plymouth Meeting, 19462-1412

G. Littlehales

The Rockbestos Company
285 Nicoll St.

New Haven, CT 06511

M. Tabbe
Fluorocarbon Co
1199 Chillicothe d
Aurora, OH 44202

G. Sliter

Electric Power Research Institute
3412 Hillview Ave.

Palo Alto, CA 94304

J. Gleason

Wyle Laboratories

P.O. Box 077777
Huntsville, AL 35807-7777

J. B. Gardner
29 Miller Road
Bethany, CT 06525

Thamir J. Al-Hussaini
Duke Power Company
P.O. Box 33189
Charlotte, NC 28242

Kenneth Baker

Raychem Corporation
Constitution Place

Menlo Park, CA 94025

Michael G. caly

Dow Chemical Company
Building B129
Freeport, TX 77541

Bruce Bernstein

EPRI

1019 19th St. NW
Washington, DC 20036

DIST-2



Premnath Bhatia - :
Baltimore Gas & Electric
P.O. Box 1475, FSRC
Baltimore, MD 21203

John Billing

ERA Technology Ltd.
Cleeve Road
Leatherhead KT22 75A
UNITED KINGDOM

William Z. Black
Georgia Tech

School of Mechanical Engmeenng"

Atlanta, GA 30332

Bruce P.Bolbat =
Pennsylvania Power & Light
2 North Ninth Street
Allentown, PA 18101

Paul Boucher

GPU

1 Upper Pond Road -
Parsippany, NJ 07974

Robert J. Brunner : :
nnl?v Ivania Power & nght :
inth Street :
Allcntown, PA 18101

Daniel O. Bye ,
Southern California Edison . -
P.O. Box 128

San Clemente, CA 92672

T. Champion :
Georgia Power Company
62 e Mirror R o
Forest Park, GA 30050

Washingion Pub, P Supply S
as on OW U

PO B o8 | Py >
M/S981C_

Richland, WA 99352

Allen Davidson -

- Patel Engineers
408 Cedar Bluff Road
Suite 353

Knoxville, TN 37923

gl’arl?l Dooley

3412 Hillview Avenue
Palo Alto, CA 94304

John R. Ferraro :
Northeast Utilities Service Co
P.O. Box 270

Hartford, CT 06141-0270

Edward E. Galloway
Detroit Edison

2000 Second Avenue
Detroit, MI 48226

Gradin
ECOTECH ,
6702 Bergenlme Avenue
West New York, NJ 07093

Ken Hancock ‘

EBASCO Plant Semces, Inc.
2 World Trade Center

90th Floor

New York, NY 10048

Izhar Haque

Ontario Hydro

700 University (ASH4)
Toronto, Ontario
CANADA MSGlX6

Bruce L. Harshe

Consumers Power Company
1945 Parnall Road

P-14-408

Jackson, MI 49201

Henley
gltal Engineering Inc. -
58 Discovery Drive
Huntsvxlle, 35806

John Hoffman |

‘Raychem Corporation

300 Constitution Drive
Menlo Park, CA 94025

John J. Holmes

Bechtel Western Power Company
12440 E. Im Cxenal Highway
Norwalk, 90650

DIST-3



Nels Johansson

INPO

Suite 1500 '

1100 Circle Parkway
Atlanta, GA 30339-3064

Suresh Kapur
Ontario Hydro

700 University
Toronto, Ontario
CANADA M5G1X6

Brent Karley

Nebraska Public Power District
1414 15th Street

P.O. Box 499

Columbus, NE 68601

S. Kasturi

MOS

25 Piedmont Drive
Melville, NY 11747

T. A. Kommers

ggl%oﬁl'i te“(f;fi' 1
obin ple

. Belmont, CA 9&&)02

Yasuo Kusama

3 Watanuki-machi
i, Gunma-ken
JAPAN 37102

Vince Lamb
Westinghouse

P.O. Box 355
Pittsburgh, PA 15230

M. Lebow

Japan Atomic Energy Research Inst.
,}25 i

Consolidated Edison Co. of New York

4 Irving Place
New York, NY 10003

Ting Ling

Cablec Industrial Cable Co.
East Eighth St.

Marion, IN 46952

Stuart Litchfield
Cleveland Electric lluminating Co.
P.O. Box 97-E-290
Perry, OH 44081

Sam Marquez

Public Service Co. of Colorado
2420 W, 26th Avenue -
Denver, CO 80211

B. G. McCollum

EBASCO Plant Services, Inc.
400 N. Olive

L.B. 80. ,

Dallas, TX 75201-4007

Richard D. Meininger
ECAD Services

P.O. Box 229
Middletown, PA 17057

T. Narang

Texas Utilities Electric Company
P.O. Box 1002 -

Glen Rose, TX 76043

Richard Dulski
Conax Buffalo Corp.
2300 Walden Avenue
Buffalo, NY 14225

David K. Olson
Northern States Power
P.O. Box 600
Monticello, MN 55441

Keith A. Petty
Stone & Webster
P.O.Box 2325
Boston, MA 02107

Paul Phillips

Kansas Gas & Electric
201 N. Market
Wichita, KS 67202

Paul J. Phillips
University ot Tennessee
434 Dougherty Eng. _
Knoxville, 37996-2200

DIST-4



Ben E. Preusser ~
Arizona Public Service Co;
Arizona Nuclear Power Project
P.O. Box 52034; Station 6078
Phoenix, AZ 85072-2034

Larry Raisanen

Detroit Edison

6400 N. Dixie Hi

Fermi 2, M/C 20 AC
Newport, MI 48166

Albert B. Re olds :
Umversngv Virginia
Reactor Facility '
Charlottesvdle, VA 22901

Ted Rose
Electro-Test, Inc.

P.O. Box 159

San Ramon, CA 94583

Marcia Smith :
Pacific Gas & Electric
P.O. Box 56

Avila Beach, CA 93424

J. Solano

Dlinois Power
V-928D

Route 54 East
Clinton, IL. 61727

Richard St. Onge
Southern California Edison
P.O. Box 128

San Clemente, CA 92672

Clint Steele

Washington Pub. Pow. Supply Sys. -

P.O. Box 968
M/X 981C
Richland, WA 99352

Jan Stein

EPRI :
3412 Hillview Avenue
Palo Alto, CA 94304

Greg Stone
Ontano Hydro

{Jlmg Avenue
KRIS
Toronto, Ontario, CANADA

Don Stonkus
Ontario Hydro

800 prlug Avenue
Toronto, Ontario
CANADA M8Z 5S4

Harvey Sutton
Virginia Power

P.O. Box 26666
Richmond, VA 23261

I\G/hke chla)at Co
eorgia Power Com,

333 Pr%dmont Avenu%any
Atlanta, GA 30302

Steve Swingler ‘
Central Blectricity Research Labs.
Kelvin Avenue =~ ,
Leatherhead, Surre

UNITED KINGDOM KT 22 7SE

" Aki Tanaka

Ontario Hydro
700 University Avenue, A7-F1
Toronto, Ontario

CANADA MSG 1X6

Doug Van Tassell = -
Florida Power & Light
P.O. Box 14000

700 Universe Beach
Juno Beach, FL. 33408

Joseph Weiss
EP
3412 Hillview Avenue

- Palo Alto, CA 94304

Robert N. Woldstad
GE Nuclear Energy
175 Curtner Avenue
San Jose, CA 95125

Asok Biswas
Southern California Edison Co.

San Onofre Nuclear Generating Station

5000 Pacific Coast Hi y
San Clemente, CA 92672

DIST-5



Phil Holzman 1811 R.L. Clough

STAR 1812 K. T. Gillen '
195 High Street : 7141 S. A. Landenberger (5)
Winchester, MA 01890 7151 G. C. Claycomb

Vince Bacanskas 6403 W A. von Riesemann
Gilbert Commonwealth 6404 D. A. Powers

P.O. Box 1498
Reading, PA 19603

Alfred Torri

Risk and Safety Engineering
1421 Hymettus Ave.
Leucadia, CA 92024

B23EEEEEE

George Daniels

Rochester Gas and Electric
89 East Ave. =
Rochester, NY 14649-0001

Kurt Cozens

Nuclear Management and Resources
Council

1776 Eye St. NW, Suite 300
Washington, DC 20006-2496

Fred Mogolesko

Nuclear Engineering Department
Boston Edison Company

25 Braintree Hill Office Park
Braintree, MA 02184

Gil Zigler

Science and Engineering Associates
P.O. Box 3722 ‘
Albuquerque, NM 87190

Edward H. Aberbach

Brand Rex Company

1600 West Main Street
Willimantic, CT 06226-1128

DIST-6

2o

: Fuehrer

wj]n]

. M. Ramirez
. F. Nelson

. P, Nowlen

. Jacobus (25)
D. Bustard

o

:é':ll (Ve AVw AV RV AV. RV. RV R W
Ryznn
Q=UV

22

gs

S5

2

B,

5



N e e o — i

NRC Froam 335
2.89)

RCM 1102,

3201, 3202

BIBLIOGRAPHIC DATA SHEET

{See instructions on the reverse)

~ U8 NUCLEAR REGULATORY COMMISSION

2 TITLE AND SUBTITLE

Tests of Class 1E Electrical Cables
Crosslinked Polyolefin Cables

Aging, Condition Monitoring, and Loss-of-Coolant Accident (LOCA)

1 REPORYT NUMBER
[y

by NRC Add vel.,
»nd ndum Numbars, if any. i Rav.,

NUREG/CR-5772

SAND91-1766/1
Vol. 1
3 DATE REPORT PUBLISHED
MONTH l YEAR
August 1992
4 FIN OR GRANT NUMBER
Al1818

5 AUTHOR(S)
M.J. Jacobus

6 TYPE OF REPORT
Technical

7 PERIOD COVERED tinclusive Dates!

#nd mailing sddress.)
Division of Engineering

Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, DC 20555

8 PERFORMING ORGANIZATION — NAME AND ADDRESS (17 NRC, provide Division, Otfice or Region, U.S Nuclesr Regulatory Ci and mailing address, it , P
aene and malling eddress.)
Sandia National Laboratories
Albuquerque, NM 87185
9 SPONSORING ORGANIZATION — NAME AND ADDRESS {1f NRC, type “'Same as above”, if , provide NRC Division Office or Region, U S Nuclear Regulatory Commission,

10. SUPPLEMENTARY NOTES

11, ABSTRACT 1200 words or fess)

radiation (=0.10 kGy/hr) conditions.

the aging.

activation energies).

monitoring age-related degradation. ’

This report describes the results of aging, condition monitoring, and
accident testing of crosslinked polyolefin (XLPO) cables.
cables were aged for up to 9 months under simultaneous thermal (=100°C) and
A sequential accident consisting of
high dose rate irradiation (=6 kGy/hr) and high temperature steam followed
The test results indicate that most properly installed XLPO
cables should be able to survive an accident after 60 years for total aging
doses up to 400 kGy and for moderate ambient temperatures on the order of
50-55°C (potentially higher or lower, depending on material specific
Mechanical measurements (primarily elongation,
modulus, and density) were more effective than electrical measurements for

Three sets of

12 KEY WORDS/DESCR!PTORS fList words or phrases that will sssist reseacchers in Jocating the report.)

crosslinked polyolefin cables

aging, condition monitoring, loss-of-coolant accident {Loca),
LOCA test data, Class lE cables, cable properties, dielectric tests,

unlimited

———————
13 AVAILABILITY STATEMENT

e e ——————————
14 SECURITY CLASSIFICATION

ThsPgel ., .
un£73531f1ed

{This Reportl
unclassified

15 NUMBER OF PAGES

16 PRICE

NAC FORM 335 {2-89)




THIS DOCUMENT WAS PRINTED USING RECYCLED PAPER




