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Unaged chamber
S-month chamber
6-month chamber
9-month chamber
ATO

AT3

ATe

ATY

LOCA

IR

Pl

DF
Keithley IR

Continuous IRs

XLPO
XLPE
CSPE
AWG
/C
FR-EP
CPE
EPR
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Nomenclature

Refers to the test chamber associated with the cables that were not
aged

Refers to the test chamber associated with the cables that were
aged tor 3 months

Refers to the test chamber associated with the cab. - .at were

aged for 6 months

Refers to the test chamber associated with the cables that were
aged for 9 months

Refers to the accident (steam) test performed on the unaged
cables

Refers to the accident (steam) test performed on the cables aged
for 3 months

Refers to the accident (steam) test performed on the cables aged
for 6 months

Refers 10 the accident (steam) test performed on the cables aged
for 9 months

Loss-of-Coolant Accident; a hypothesized design basis event for
nuclear power plants

Insulation Resistance

Polarization Index; the ratio of IRs at two different times
Dissipation Factor

IR measured using the Keithley electrometer apparatus

IRs measured at intervals ranging from 10 seconds to 5 minutes
during the accident exposures

Crosslinked polyolefin

Crosslinked polyethylene, a specific type of XLPO
Chlorosuifonated polyethylene

American Wire Gauge

number of conductors

Flame retardant ethylene propylene

Chlorinated polyethy!ene

Ethylene propylene rubber
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EPDM
Tsp
FR
BIW
EPRI
NRC
EQ

e/eq

5
T/To

H,
H/H,

M,
M/M,

Dy

D/Dy
LICA

Ethylene propylene diene monomer
Twisted shielded pair

Flame rctardant

Boston Insulated Wire

Electric Power Research Institute
Nuclear Regulatory Commission
Equipment Qualification

Absolute elongation, the % elongation at break of test sample(s);
(Ihmh . lmm-l) lmmal * 100%

Absolute elongation of unaged samples
Elongation at break relative to unaged sample; relative elongation
Tensile strength of test sample(s)

Tensile strength of unaged samples

Tensile strength relative to unaged sample
Hardness

Hardness of unaged samples

Hzrdness relative to unaged sample
Indenter modulus

Indenter modulus of unaged sample
Indenter modulus relative to unaged sample
Density; Cable outside diameter

Density of unaged samples

Density relative to unaged sample

Low Intensity Cobalt Array, a facility for perferming
thermal/irradiation exposures
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different extent prior to accident u::uing.c Cables were aged for 3 months in the first
chamber, 6 months in the second chainber, and 9 months in the third chamber. The
acceleratea aging .emperature 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 S5°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.

During the aging exposure, various electrical and mechanical vondition monitoring
measurements were performed on the cables. The electrical ineasurements were
performed on long lengths of cable, while the mechanical measurements wete performed
on small samples removed from the test chambers during aging. The parameters
measured included insulation resistance and polarization inder at three different
voltages, capacitance and dissipation factor over a wide range of frequencies, tensile
strength and elongation at failure, modulus profiles, cable indenter modulus tests (usinﬁ
a cable indenter developed at Franklin Research Center under klectric Power Researc
Institute (EPRI) funding), hardness, and bulk density. During the accident exposure, the
insu!ation resistance of the cables was mornitored on essentially a continuous basis.

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

Objective: To determine the long term aginf; degradation behavior of popular cable
products used 10 nuclear power plants,

Conclusion:  The test resuits indicate that most properly installed XI PO cables should
be able to survive an accident after 60 years for toial 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 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 monitoring
method. Al*hough a quantitative generic acceptance criterion is difficult
to establish based on these tests, a reasonable range (that is likely to be
fairly conservative) vould be about 50-100% absolute elongation
rcmainin?. Compressive modulus and density could also be somewhat
effective for monitoring residual life, although acceptance criteria would
be - uch more difficult to establish for these measurements because
extensive testing has not been performed to aemonstrate that modulus
and density -espond consistently for varied test cor'itions. The electrical
measurements were not effective for monitoring residual life.

Objective: 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.

Conclusion:  The accident performance (in terms of electrical properties) of the XLPO
cables did not differ substantially from the accicrel.t performance of
cables aged at more highly accelerated (both sequential and
simultaneous) conditions in past Szadia tests, as well as in industry tests.
However, it must be noted thal (his 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;

testing does not prove or disprove whether highly accelerated tests to
much higher total exposure conditions would produce the same results if
the acceleration were greatly reduced.

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

The 1EEE 383-1974 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 gotential 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
X1PO cables, the most severe part of the post-accident exposure appears
to be the bend test.

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

The accident performance of cables aged to the three different I:7atimes
was not significantly different. Thus, for XLPO cables exposed te
environments less severe than those simulated in this t« st program, these
tests do not indicate the need tor additional qualificaticn requirements w1,
cables age beyond iheir current qualified life. This conclusion is based on
the technical finding that the cables tested did not fail (with only ove
exception) when exposed to the environments defined in this test
program. It does not prove or disprove the adequacy of current
nualification practices and requirements.
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1.0 INTRODUCTION
L1 Backgrounc

Many types of cable are used throughout nuclear power plants in a wide variety of
applications. Cable gualification to IEEE 323-1974 (1) and IEEE 383-1974 [2] typicall
includes sequential thermal and radiation aging intended to put the calle in its end-of-
life condition. The radiation dose is typically applied at fairly 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 simultancous thermal and radiation aging conditions. Some
(primarily research) rmgrams have applied the environments simultaneously [3-6].
owever, because of the high dose rates and high temperatures that are typically
employed, cable materiz's can still experience oxygen diffusion effects that result in non-
uniform agjng‘. Consequently, it is of interest to determine the extent to which these
factors might have affected previous testing. Typical qualification programs also provide
very little information that is usefu! for establishing effective condition monitoring
programs that can assess a cable’s ability to survive an accident environment. The
current experimenial program went beyond previous efforts [3-6] by employing
considerably less accelerated, simultaneous thermal ard radiation aging conditions; by
em?loying many more condition monitoring measurements during aging; and by
performing similar accident tests on cables aged to three different nominal lifetimes.

This report describes the resuits of aging, condition monitoring, and accident testing of
crosslinked polyolefin (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 (XLPE); in this
regort. the more generic term XLPO will be used to represent all XLPE and XLPO
cables. This report is the first of three volume. Jescribing the results of the testing.
Volume 2 will discuss ethylene propyle~e rubber (EPR) cable produets and Volume 3
will discuss miscellaneous cable products.

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

a. to determine the long term aging degradation behavior of popuiar 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 qualificarion requirements might be needed as cables
age beyond their current nominal 40-year qualified life.
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1.3 Approach

To wecomplish these objectives, an experimental program consisting of two phases was
undertaken, both using the same test specimens. Phase | was a simultaneous thermal
(=100°C) and radiation aging (=0.10 kGy/hr) exposure. Phase Il 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 IEEE 383-1974 [2).

Feur separate test chambers were included in the program. Cables were aged for
3 months in the first chamber, 6 months in the second chamber, 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 energy of
1.15 eV and a plant ambient temperature of S$5°C. The accelerated radiation aging dose
rate was determined by assumini 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 rerort
only describes the results fo: 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 unaged cables
were performed). Therefore, the testing of uraged cables will not be discussed further in
this volume of this report.
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Table 1 Cable Products Included in the Test Program

Note: Cables discussed in this volume are shown in boldface.

Sunl Deaciot

1. Brand Rex 30 mil XLPE Insulation, 0 mil CSPE Jacket, 12 AWG, 3/C, 600 V

2. Rockbestos Firewall I11, 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

4.  Samuel Moore Dekoron Polyset, 30 mil XLPO Insulation, 45 mii CSPE Jacket, 12
AWG, 3/C and Drain, 600 V

5. Anaconda Anaconda Y Flame-Guard FR-EP, 30 mil EPR Insulation, 45 mil
CPE Jacket, 12 AWG, 3/C, 600 V

Sa. Anaconda * Anaconda Flame-Guard EP, 30 mil EPR Insulation, 1§ mil
Individual CSPE Jackets, 45 mil Overall CSPE Jacket, 12 AWG,
SIC 100V

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

7. Samuel Moore Dekoron Dekorad Type 1952, 20 mil EPDM Insulation, 10 mil
Individual CSPE Jackets, 45 mii Overall CSPE Jacket, 16 AWG,
2/CTSP, 600V

8. Kerite Kerite 1977, 70 mil FR Insulation, 40 mil FR Jacket, 12 AWG, 1/C,
60 V

Ra. Kerite Keri\te 1977, 50 mil FR Insulation, 60 FR Jacket, 12 AWG, 1/C,
(00 vV

9. Rockbestos RSS-6-104/LE Coaxial Cable, 22 AWC, 1/C Shielded

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

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

12. BIW Bostrad 7E, 30 mil EPR Insulation, 15 mil Individual CSPE Jackets,

60 mil Overall CSPE Jacket, 16 AWG, 2/C TSP, 600 V

* This cuble was only used for the muiticonductor samples in the 3-month chamber.

Note: See nomencoature section for abbreviations,

prn—e
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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 s the
accelerated aging times. The aging conditions assumed a plant ambient temperature of
SS°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 caiculate the aging temperature:

éz ['r_:,’ . Til]] (1)

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 T, and T, are the
absolute aging temperatures corresponding to ty 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

revious gandia 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-vear cables 1o 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 exposure, cable lead wires and penetrations were shielded to reduce
their radiation and thermal exposures and :duce artificial failures that might occur at
these locations,

t')
S = gxp
t
|

2.1.2 Phase II--Accident Exposure

Phase 11 consisted of exposing the cables to a simulated LOCA environment in Sandia’s
Area 1 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
performcd in Sandia’s LICA facility by reconfiguring the cobalt-60 pencils for higher
dose rate conditions. During the radiation exposure, the cable leads and pencirations
remained shielded from (he 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 "generi¢" qualification. The
cables were enrgized at 110 Vde during the accident simulation. Insulation resistance
measurements (%Rs) 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" . 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).
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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 input for assessing current
lant usage of cables. Also considered in specimen selection was the current
PRI/University of Connecticut aging study [8].

~
1

2.22 Sample Preparation

For each cable type, 23-m (76-f1) lengths o, vable were wrapped around a mandrel. The
effective cable length inside th= test chamber was typically 4.6-6.1 m (75-20 ft), with the
remainder of the cable used fo, 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,

Additional test samples included in the aging exFosure consisted « " insulation and jacket
specimens that were 15 cm. (6 in.) long and single and multiconductor cable sampies that
were 36 em. (14in.) 1ng. The insulation and jacket samples (hereafter rederred to as
tensile specimens) were used for tensile strength and elongation testing. The cogF:r
conductors were removed from these cable samples prior to the beginning of aging. The
36-cm cable samples (nereafter referred to as complete cable specnmcnlg were used for
hardness and modulus testing. They were prepared by simply cutting the cables to the
desired length and stripping the insulation from the ends of the cable. Figure 3 shows a
typical sample basket that these samples were placed in during aging. This basket was
then located inside the mandrel shown in Figure 2.

2.3 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 replacing the 5-, 4-, und 3F-month samples, respectively, when they
were removed from the 6-month chamber. Similarly, the sample identifications endi
in 1, 2, and 3 from the 9-mcnth 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 “ith the months of aging that the specimens received. Table 5
gives similar information for the 36-cm. single and multiconductor sampler,

2.3.1 Radiation and Thermal Aging

Irradiation and thermal aging were performed in Sandia’s LICA facility. Dose rates in
the chamhers were determined using thermoluminescent dosimeters (TLDs). The cables
were ins, {led in one of three test chambers, which were lowered into the LICA facility.
The test namber temperature was maintained using electric wall heaters and electric
iniet air heaters. Temperature uniformity was controlled to the extent possible
insul:iting the chamber and by providing air circulation. Approximately 4.7 1/s
(10 ft“/min) of outside 2 - (about 40 air changes per hour) was introduced into the
chamber to maintain circu. ation and ambient oxygen concentration. Some of the piping
used for air circulation can be seen in Figure 2.

9.
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Table 2 Cables Tested in Each Chamber and Conductor Identification

Cables Aged for 3 Months
Cable T Cond" .or Tested  Location on Mandrel *
(see Table 1) Number Length  (below chamber flange)
Brand Rex--1 1 (Red) 52m (17 ft) 28 em (11 in)
2 (White)
3 (Black)
Firewall 111--2 12 White) S3m (18 ft) 48 cm (19 in)
13 (Black)
14 (Red)
Polyset--4 19 (#1 S8m(19f1) 64 cm (25 1n)
20 #2$
21 (#3
Raychem--3 27 45m (15 ft; 8 em (15 in;
Raychem--3 28 45m(15f 41 cm (16in
Shicvid for cond. 19-21 41
Cables Aged for 6 Months
Brand Rex--1 1 (Red) 4.6 m (15 ft) 28 em (11 in)
2 (White)
3 (Black)
Firewail 111--2 12 White) S.0m (16 ft) 46 cm (18 in)
13 (Black)
14 (Red)
Polyset--4 19 (# l; S9m(19f) 61 cm (24 in)
20 2#2
21 (#3)
Raychem--3 27 47m %15 ftg 36 cm 214 in;
Raychem--3 28 49m (16 ft 38em (15 ia
Shield for cond. 19-21 4]
Cables Aged for 9 Months
Brand Rex--1 . (Red) 53m (17 ft) 18 cm (7 in)
2 (White)
3 (Black)
Firewall 111--2 14 White) 6.0 m (20 f1) 43 cm (17 in)
15 (Black)
16 (Red)

% B
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Table 2 Cables Tested in Each Cnamber and Conductor Identification (cont.)

Cables Aged for 9 Months (cont)

Cable Type Conductor Tested  Location on Mandrel *
(see Table 1) Number Length  (below chamber flange)
Firewall 111--2 17 (White)  68m (22 f1) 48 em (19 in)
18 (Black)
19 (Red)
Polyset--a 24 (#1 6.7m(22f1) 66 cm (26 in)
25 (w2
26 (#3)
Polyset--4 27 (#1 6.9 m (23 f1) 71 em (28 in)
28 #Zi
29 5#3
Raychem--3 b 49m (161t 28 cm (11 in
Raychem--3 36 4d4m(4 fti 30 em glz in
Raychem--3 37 44m(ldfy 3Bem(13in
Shield for cond. 24-26 b
Shield for cond. 27-29 56

* Forthe 1 and 6-month chambers, conductors 1-21 were wrapped on the cutside of the
mandrel and conductors 22-39 were wrapped on the inside of the mandrel. For the 9-
month chambe:, conductors 1-29 were wrapped on the outside of the mandrel and
conductors 30-50 were wrapped on the inside of 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 cahles during . .2 aging exposure.

24.1.1  Electrical Technigues

a.  lnsulation resistanc, (IR) and pelari PL the ratio of 1. g1
performed the measrements at nomingl voltages of 50, 100, and . IR/PI
measurements for single conductors are mach more di*ficult to interpret than those
for shieldec and/or multiconductor cables because the single conductor cables have
a much less lprecisely defined ground plane. Our measurements were always
performed relative to the same ground rlane in the same conﬁquration. Thus, t
single conductor measurements will at least indicate trends in IR that result from
~lobal degradation. Local degradation of a single conductor cable may be outside
tue effective ground plane and may therefore not be detected. Such undetectable
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local degradation is not limited 1o 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 Pl measurements and the
circuitry used to measure them.

Table 3 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 0O First 3 months of exposure

xx-6-4 6 First 4 months of exposure

Xx+6-5 6O First § 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

xr-6-2 6 Last 2 months of exposure

xx-6-1 6 Last 1 month of exposure

Xx-9-6 9 First 6 mon*hs of exposure

xx-9-7 gl First 7 months of exposure

xx-9-§ 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 4 Last 1 month of exposure

" xx denotes the cable number as given by Table 1,

eI <

umm:}:dmuh%( pacitance measurements Fve an it cation of the dielectric
¢ volta

harge ge characteristies and dissipation factor gives a measure of the AC
resistive leakage current in che cables. These measurements, like IR/Pl, 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. Lmuwwmmm_gf_mgrgfmu;j%mm 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 @ 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 logger t¢ make a force reading each time the specimen stretched
an additional 10%. In this way, a complete force-elongation (or stress-strain) curve

was oblained with data at every 10% elongation,

b, Ul ' _ ‘ imens.  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,

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

Insulation

Cham. # A3 6 6 6 A 6 6 9 9 9 9 9
Month # 3 3R F/A4/25/1 o 6R R 6/37/28/1 9 9R

rand Eex )

9 7 9 i1 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 0 4 9 S 6 7 10 4
Dekoron 13 9 7 9 11 14 4 10 7 9 11 14 4
Jacket
mt i3 6 6 6 6 6 6 S0 9 9 3
# 3O3R AF/AMT4.5/1 6 R OR 6/3 7/2 8/1 9 9R
Brand Rex 13 10 I S 6 9 3 6 1§ & 9 3
Rockbestos 13 10 3 S 6 9 131 ¢ i 5§ 6 9 3
Ravchem 0 0 ] g O 0 0 0 0O 0 0 0 0
Dekoron 310 3 § 6 9 3 6 3h-8.8 /93

m—

" When the 3-, 4-, and S-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 § Number of 36-cm Specimens Removed at Each Test Condition

-

Single Conductor
Cham. # 3 3 6 6 6 6 6 6 9 9 9 9 9
Month # 3 3R 3F/3L'4/25/1 & 6R R 6/3 7/2 8/1 9 9R
Brand Rex K 6 4 s 7 10 3 7 4 § 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 S 6 K 3 10 3 5§ 6 B 3
Multiconductor
ﬁ]ﬁ]ﬁ; 3 3 0 6 6 6 6 6 9 9 9 9 9
” 3 3R 3F/3L'4/25/1 6 6R R 6/3 7/2 8/1 9 OR
Brand Rex 1 2 1 1 1 1 1 2 | AU D S A |
Rockbestos g 2 1 1 1 1 1 2 1 1 1 1 1
Raychem 0 0 0 0O 0 0 0 0 0o 0 0 0 o0
Dekaron 1 2 1 ! 1 1 1 2 B RS Twby T |

———— R ]

" Sce footnote to table 4,

Mod i ‘ 1 0 , . Modulus profiles were
acquired using an apparatus developed at Sandia [9,10). The modulus is the slo

of the stress versus strain curve in the initial linear portion of the curve, ¢
mo  ilus profile gives information on the modulus of the sample across its cross
sec¢i-on. It also gives an indication of the uniformity of the a in%‘process [9,10]. The
priniary purpose for using modulus profiling was to establish the uniformity of the
ngirgi process, and therefore, this technique was used only oi a few selected
sam Jles.

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 suirounded with heat
shrinkable tubing to hold them in glaoc. The samples were then encapsulated ir
epoxy, allowed to cure, and polished prior to the modulus measurements. Figure 4
shows a diagram of a typical multiconductor cable prepared for testing. For cable
products suﬂplied as single eanductors, modulus profile samples were prepared in a
similar fashion, but four single conductor samples were typically grouped in a

diamond pattern for potting in epoxy. For the multiconductors, modulus testing

-15-




would typically proceed across the centerline of two specimens from the point
Jabelled "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 perfo ‘med on the second cable's
jacket, wrap (if used), and insulation. For single con’uctors, a similar path throagh
rwo 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 Temperature  Pressure Temperature
‘) (kPa) “C)
0-10s Ambient- 13K 101-339 §7-138
108+ 5 min 138171 339-544 138-171
Smin-3hr 171 S84 17
3-5hr 17160 584-101 17160
Reset time to 0 for the next portion of the tests
0-i0s 60-13 101-339 60-138
108+ S min 138-171 530.584 138-171
Smin-3hr 171 S84 171
3hr-6hr 160 S84 160
6 hr- 10 hr 149 462 149
10 hr < 91 hr 121 206 121
91 hr-end * 121 206 93
* IEEE 323-1974 implies that the test should be continued for 100 days for a combined

PWR/BWR simulction, Our intenced test profile was at a higher temperature and
lasted until 240 hr (10 days) after the beginning of the second transient.

12,13]. This test measures penet a blunt con

p as a function of penetration depth. The compressive modulus is defined as
oF /ax, where ax is the change in depth of penetration for a given cha?e in force
aF. In all of our tests, aF was defined as 6.7 N (1.5 Ib), hciinning at 22N (0.5 1b)
and ending a. 89 N (2.0 Ib). A key advantage of this indenter modulus
meayur;m}gntdis that it 1s a nondestructive test and therefore may be realistic for
use in the fiv.d.

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
netrates the material, the force increases as shown on the left part of the figure.
e force during retraction of the indenter, ¢s shown on the right part of the figure,
is sub.st'amially lower at the same displacement because of hysteresis in the
material,

«16-
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Figure 4 Diagram of Multicondurtor Prepared for Modulus Profiling
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€. ﬂndmmmuubk_m?uh‘mundmkqmmh Hardness is a measure of
the matenial's resistance 1o local penetration. In this program, a Shore Durometer

Type A2 was used for the measurements. The previously discussed techniques of
modulus profiling 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. | EY . 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 aginf (10, 11], but similar to modulus, density may be subject to
gradients resulting from oxygen diffusion effects. In this proFram. bulk dem;g wils
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/em*,

242 Monitusing of Test Environment

Nominally 18 type K thermocouples were positioned near the cables in each test
chamber. Additional lhcnnocourlcs were positioned rear the baskets of tensile and
complete cable specimens. Two of the thermocouples in each chamber were connected
to a strip chart recorder durin ?in and other thermocouples were used for control of
the aging temperature as needed. f\u 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 mouitored 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.

Automated measurements of temperature and pressure during the accident exposure
were made at intervals varying from 10 seconds during transient ramps in the profile to
S 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 pow:rec¢ at a nominal
voltage of 110 Vde¢ with no current, Because many instrumentation circuits operate at
voltages below 110 Vag, during the second steam exposure at 171°C (340°F) of AT3, the
voltage was reduced to 45 Vde 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. Insulauon resictance (IR) was
monitored using the circuits and apparatus shown in Figures 89, Tu* conductor
numbers used in the figures are based on the conductor numbers in Table 2. A. ..own
in the figures, some individual conductors ¢f some multiconductors were connected to
round to help provide a ground plane. Tue IRs were measured at intervals ranging
rom 10 seconds to 5 minute . These IRs will subsequently be referred to as continuous
IRs, even though they were not truly continuous. [Rs were also measured at discrete
intervals using the Keithley electrometer a;;‘paratus that is discussad in Appendix A.
These will sug:ecquently be referred to as the Keithley IRs, The Keithley IRs were
performed at nominal voltages of SOV, 100 V, and 250 V. The actual applied voltagc
during a given 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 ki at SOV, 18 ki at 100 V, or 556 ka at 250 V.,
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Table 7 Exposure Data for Complete Cables

Conductors 1 i Accident Total
DoAs: a{te m Dose Rate Dose

h kG Gy/h kGy)
Min K\/fg')Mu : vz) (X/ : (sz Max

Cables Aged for 3 Months

1.3 28 72 120 160 S000 1110 1190 1300 Brand Rex
12-14 4 78 130 170 5400 1210 1290 1400 Rockbestos
1921 31 75 120 160 4600 1050 1130 1240 Polyset

27 23 77 130 170 S400 1210 1290 1400 Raychem

28 i3 77 130 170 5400 1220 1300 1410 Raychem

Cables Aged for 6 Months
1-3 25 62 110 280 §200 1220 1280 1330 Brand Rex
12-14 27 64 110 290 §700 1330 1390 1430 Rockbestos
19-21 25 62 110 280 S100 1190 1250 1300 Polyset
gg gf; a 110 290 5600 1310 1360 1410 Raychem

110 290 S§700 1320 1380 1430 Raychem

Cables Aged for 2 Months

1-3 20 68 120 450 4200 1250 1270 1300 Brand Rex
14-16 35 84 140  S60 5700 1640 1660 1690 Rockbestos
1719 3§ B4 140 560 S600 1630 1650 1670 Rockbestos
24-26 31 80O 140 530 4700 1410 1430 1460 Polyset
27-29 20 77 130 520 4200 1310 1330 1360 Polyset
35 30 78 130 520 §200 1500 1520 1550 Raychem
36 31 80 140 530 5400 1550 1560 1590 Raychem
37 32 81 140 540 5500 1580 1600 1630 Raychem
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strength is defined as the force at break of the specimer divided by the original cross-
scetional area of the unaged specimen. Although the force wi break is also usually the
maximum force applied to the specimen, such is not necessarily the case. Since the
unaﬁed area of a given cable type is nominally a constant, T/T, reduces to the ratio of
the force required to break an aged specimen to the force required to break an unaged
specimen. us, the preci.e cross-sectional area is only necessary to provide absolute
scaling for tne plots. For reference, the tensile strength of the unaged specimens is noted
07 cac|h plot. Similarly the elongation at break of unaged specimens, e, 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 1
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
neasurements of higher elongations. Note that unmeasurable elongation, especially of
thye juckzt material, does not imply that a cable is no longer functional, Resuits from
accident = 1 the cables are discussed in Section 4.0,

Figure E-1 shows that the elongztion 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 1o below 10% o% initial elongation. Interestingly, three unaged samples that
were exposed only to accident radiation broke at elongations below 10%. Figure E-2
shows that tensile strength of the Brand Rex insulation increased by about with a
total aging dose of 400 kGy. The accident radiation exposure resulted in mixed behavior
with a significant 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 ke 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 it
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 received only accident radiation hag their elongations fall to about 30% of their
initial values. Figure E-4 shows that the (ensile strength of the Brand Rex jacket
decreased to 10% of its initial value after 200 kGy. Beyond that point, tensile strength
could not be meusvrad because the elongation was below 10%. The only tensile strength
that could be measu: ed after the accident radiation exposure was for the unaged cables,
which showed almost no change as a result of the accident radiation exposure.

Figure E-S shows that the elongation of the Rockbestos insulation first increased by
about 10% of its inivial 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 probably a result of radiation causing additional
curing (i.e., cmsslinkin%) of the X insulation, Tensile strength of the Rockbestos
insulation, as shown in Figure E-6, remained essentially constant throughout *he aging
exposures. After the accident radiations, the tensile strength could not be meusured

Figure E-7 shows that the relative elongation of the Rockbestos neoprene jacket fell to
(% within the first 10U kGy of aging exposure. Because thermal agin{g 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
aFing exposure, but only a few valid data points could be obtained because the
elongation fell below 10% very quickly.
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Figure E-9 shows that the elongation of the Dekoron insulation {1l to 40% of its original
vialue after 400 kGy of exposure. The accident radiation caused further decreases in
elongation, down to about 10% of the initial value when coupled with aging exposures.
The tensile strength of the Dekoron insalation, 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 tc 3% of its
imtial value after 400 kGy of aging exposure. The accident exposure caused a further,
consistent decrease in elongation in each case tested. Figure E-12 shows that the tensile
strength of the Dekoron CSPE jacket decreased 10 70% of its initial value by 400 kGy.
The final tensile strength measurement, at about 400 kGy, was somewhat variable, but
notubly 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 rtrength of the Raychem insulation, as shown in
Figure E-14, first deercased to 85% of its initial value by 100 kGy of aging exposure, then
increased 1o 1209 of its initial value by 400 kGy of aging exposure. After the accident
radiations, the tensile strength could not be measured because the elongation was below
10%,

In summary, elongation consistently decreases with aging (except for the #arly exposure
of the Rockbestos insulation). Based on the data in Appendix E, Table 8 gives estimates
of the total dose (under our simultaneous aginf conditions) to retention of 75%, 50%,
25%, and 10% of initial elongation of each insulation and jacket material, except for the
Rockbestos neoprene jacket. The neoprene is not included because, under the
coaditions of our test, thermal aging dorminates the degradation. The data in Table 8
snd in A;}pendix E indicate that elongation 15 ge w rally a fairly sensitive measure of the
amount of aging up to the total dose where ver, '.i'le re. dual 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 X1.PE
insulation at ¢/eq = 0.25 corresponds to an elongation of 60%, whiie Raychem XLPE
insulation &t e/eq = 0.25 corresponds to an elongation of 130%.

Tensile strength showed some change with aging for the Brand Rex and Raychem
XLPOs, but gimost no change for the Rockbestos and Dekoron materials. Tensile
strength of the Rockbestos jacket showed a tarid decrease, but only a few points could
be measured because the clongation quickly fell below 10%. The Brand Rex jacket had
a fairly consistent and signiticant decrease in wensile 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,
o 18 shown on the plots,

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

insulation (Figure F-3), the Dekoron insulation (Fiﬁure F-5), and the Raychem
insulation (Figure F-7) all had somewhat inconsistent behavior, although an increase of
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rhaps 50% in modulus is {'uibly indicated. The Dekoron and Raychem insulations
;I_ the more consistent behavior, especially the Raychem insulation after accident
radiations.

s e

Table 8 Estimated Total Doses to Retetion of Various Elengations

- . ———— - -

Material [ Total Dose (kCy) 10 e/¢q0f *
75% S0% 25% 10%
Brand Rex X1 PE 320% 80 140 300 e
Rockbestos XLPE 240% 200 300 400 *
Dekoron X1 PO 350% 100 230 b '
Raychem XLPE §20% S0 80 100 230
Brand Rex CSPE Jacket 3130% 20 80 100 140
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.

i

Figure F-2 shows the indenter modulus of the Brand Rex CSPE jacket. This material
shows a strong upward trend with aging, especially when the total dose exceeds 200 kGy.
It is interesting to note that 200 kGy is just about the point where the elongation fell to
nﬁar 0%. The accident radiation exposures caused the indenter modulus to increase in
all cases,

Figure ¥-4 shows the indenter modulus for the Rockbestos v2oprene jaucket, A strong
upward trend is evident, with the indenter modulus reachi 2015% of its original value
at about 400 kGy. Note that elongation measurements (see Figure E-7) showed no
change on this material beyond a total radiation dose oi about S0 kGy (the material was
below 10% elongation). 1t 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
aged fo*: 6 months and the modulus decreasing for the materials that were aged for 3 or
9 months,

Figure F<6 shows the indenter modulus of the Dekoron CSPE jacket. The initial trend is
upward but inconsistent. At about 400 kGy, a sharg upward trend occurs. Note that the
elongation was essentially at 0% by 400 kGy (see Figure E-11), J‘ua.l where the indenter
modulus began its most significant changes. The accident radiation exposure caused
increases in indenter modulus under all test conditions.

35 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,
H,, is shown on the plots.
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The hardness of the XUPO insulations are not presented bzcause they were all too hard
(Shore "A2" readings of 88-96) prior (o aging 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 &Figure F-8) increased by 75% during aging, hardness of the
Rockbestos {ackcl (Figure F-9) increased by 25% during aging, and hardness of the
Dekoron jacket (Figure F-10) increased by 18% during aging. In each case, the upward
trends were guite consistent, It is important 1o note that some of the measi © - ments were
close to, or beyond, the effective uprcr limit of the tester range. Readings a, ove 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 10 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/13,) are presented in Appendix G as a
function of total radiation dose. For reference, the baseline density, Dy, 1s shown on the
plots. Note that small changes in density are readily detectable, so that a change of only
1-2% can be significant,

The density of Brand Rex insulation (Figure G-1) had a consistent increase 1o 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 ;1g,ir(;g exposure. The accident radiation exposure did not produce any notable effects
on the density,

The density of Rockbestos insulation (Figure G-3) 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 (Fiiurc Gi-4) did not change coasistently with either
aging « - accident radiation exposures. However, the Dekoron CSPE jacket (Figure G-5)
had a very consistent trend with aging, increasing by 3% over the 400 kGy exposure. The
accident radiation exposure did not affect the density of the Dekoron jacket.

The density of Raychem insulation (Figure G-5) appeared to increase with aging, but the
trend was somewhat inconsistent. e ¢ffects of the accident radiation exposure on
density was mixed,

3.7 Modulus Profiles Durisg 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 i. for the insulations and which data is for the jackets (see 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 Juring 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
significant oxygen diffusion effects.

Oxyﬁcn diffusion effects occur when aiir:jg reactions use oxvgen in the material more
rapidly than it can be replenished through diffusion. In such cases, material further from
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the oxygen spply (Le  the ambient air) participates less fully in reactions involvin’
oxygen, leading 10 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 1o oxygen. Oxygen diffusion effects generally
increase with higher temperatures and with higher radiation dose rates. Also, when the
modulus increases as the material ages, oxygen permeation 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
a simple evaluation of the shape of the profiles, although we will also consider changes in
the magnitude of the modulus. 1t should be noted that oxygen diffusion effects may not
be the only dose rate effect that a material exhibits, Thus, absence of diffusion effects
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 insnlation and jacket matenals. 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, oxyge:
diffusion effects have nmieen completely eliminated for this cable. By the end of aging,
the average modulus in the jacket increased by a factor of about 100, with a facte: of 2-

radient in the modulus. The {'ackcl surface exposed 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 aging suggests that a significant factor
contributing to the diffusion effects later in aging 18 the decrease in oxygen permeation
rate as the jacket hardens, The indenter modulus data suﬁsesls that significant
hardening of the jacket begins in the range of 200 kGy total dose. Thus, 200 kGy is
where ditfusion cf}ects might be expected to bcﬁin to appear. Because the total aging
doses used in this study are significantly higher than those currently postulated for most
nucl'efur power plant locations, diffusion effects that only oceur later in &ging 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 probable in the insulati n, us, some
()xy%lcn depletion effects may have occurred in the Brand Rex insulation, particularly at
the higher aging doses.

Figures H-> 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 slightly, The jacket
modubus 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
ditfusion 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
hardenin? of the jacket hqian in the range of 100 kGy total dose. Thus, 100 kGy is
where diffusion 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, th: ‘reatly reduced oxygen
permeation rate may have largely prevented oxygen from rea, vt~ *»e insulation. Thus,
at the higher aging doses, some oxygen depletion effects may ..ave occurred in the
Rm}hgstos insulation, Such effects would not be expected during typical natural aging
conditions.

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 jor 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 jack=t materials. The baseline modaulus is quite
flat for both the insulation and jacket materials, After 9 months of aging, the insulation
modulus has only c‘:hamg5 d slightly and is still essentially flat. The jacket modulus
increased! by a factor of 15, with greater changes at the inside edge (near the insulation).
This it nmxmilc 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, indicating that any nonuniform
aging does not become significant until somewhere after kGy. Note that the
indenter modulus daa suggests that the jacket begins hardening significantly at about
400 kGy. The lack of a “lat profile through the material may be a result of oxygen
diffusion effects that appear later in aging »hen 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 jacket, 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 temperature) 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 testing, the modulus
profiles, and the elongation testing. Table 9 presents a summary of the changes in
indenter modulus and average modulus from the modulus profiles. Except for the
modulus of the Dekoron insulation as mcasure.d;i the modulus profiles, the modulus
always increased. In general, XLPO insulation rodulus increased by about 40% durin,
aging using either method, although some data variability is evident. The jackets all ha
sigrficant 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 mieasurements, 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, the insulations experienced early plastic behavior, while the jackets
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tended to be somewhat more elastic. Elastic moduius is given by the expression
E = ao/ac = (aF/A)/ne, where E is the elastic modulus, ae 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 cotiesponding change in force, ae is the
corresponding change in eiongation, and A is the cross-sectional area of the material.
Normally, one of the two points used to ¢»'<ulate the differences in the above expression
is a point prior to the application of force (no stress and no strain).

S

Table 9 Summary of Indenter Modulus and Modulus Profile Data

Cable Average Modulus from Profile Indenter

Baseline 9 Month Change Modulus

(MPa) A'jin Change

(MPa

Brand Rex Insulation 330422 554451 1.68 14
Brand Rex Jacket 5.3940.36 6654351 123 15
Rockbestos Insulation 425438 522441 1.23 1.5
Rockbestos Jacket 9.2340.38 712041470 M 25
Raychem Insulation 308452 64314121 1.62 14
Dekoron Insulation 88.9+12.1 803108 0.90 1.2
[ebaron Jacket 14.540.7 224142 154 6

TR SRR RTINS

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, usi
the cross sectional area of 0.097 em? (0,015 in®), the modulus calculated using the
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,

39  Visual Examinations Dunng Aging

Visual examinations of the complete cable specimens were performed durinf aging when

the chamber was opened to remove small test samples. The XLPO 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,

circumfrential cracks about 0.5 em (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 Measurzments

The followirg summarizes the conditior. 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 is destructive,

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

Modulus, which was measured with the EPRI/Franklin cable indenier, showed
good correlation with aging for the jacket materials discussed in this r, but
not fu{i the XLPOs. The trend in indenter modulus was most evident at higher
aging doses,

The modulus profiles did not indicate any si‘r%ﬁcam oxygen diffusion effects

for the aging conditions used i» *Yese tests. The Brand Rex and possibly the

Dekoron product did experieice some diffusion effects, but evidence indicated

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

Lacket materials, the absolute value of the modulus had large changes from (he
aseline samples to the samples that were aged for 9 months,

For the jacket material., which had good aging correlations using both
elongation and indenter modulus, elongation was the more sensitive agi
indicator up to the total dose where the elongation approached 0%, wit
indenter modulus the more scusitive aging indicator beyond that point.

Density is a good indicator of aging for several materials, increasing bv ug 1o
3.5%. The density of the Brand Rex CSPE jacket first increase J, then
decreased at higher tota! doses. Density of the Dekoron Polyset insul tion 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 mechanica! measurements.
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40 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 2.4.3. The IR data as a
function of time for each conductor of each cable is shown in Appendix 1. For clanty in
presentation of the data, figures in this section will generally show the averages of
multiple samples - nd will usually be limited to the first 20 hours of the tests.

4.1 Cable yailures During the * scident Exposure

While no conductors failed during the aging or accident radiation expasures, one XLPO
conductor, Rockbestos Firewafl 11 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 }iust before 83 hours into the test. Fu ther IR degradation occurred
over the next hour of the test. At that point, the fuse or the monitoring circuit opened.
One other conductor of the same three conductor cable was continuously monitored
during the accident exposure. This conduc:or 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.

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
irto the water, the failure point was readily identified. e failure was a hole about
1.2 cm (0.5 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 ide of the coil of wire. There was no indication that the failure was
caused by inadve.tent damage or any test anomalies. The failure was a local failure,
rather than global degradation leading to failure along significant portions of the cable
ghis latter type of degradation will be described ir. Volume 2 of this report for some
‘PR cable products). Because this concductor had been sub{'ected to post-LOCA
dielectric withstand testing, the failure point was somewhat enlarged and additional
failure analysis was not pursued.

4.2 Insulation Resistance Versus Amount of Aging

Figure 24 shows the average IRs Juring 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 energ’zed. Similar data for the Rockbestos Firewall 11l and the
Dekorad Polyset are shown in Figures 25 and 26, respectivel{. 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 mafnitudc 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 aged 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 montks. 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 Ditferent Aging Treatments

43 Insulation Resistance Versus Applied Yoltage
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. These
measurements show how insulation resistance depends on applied voltage. Table 10
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Table 10 Insuletion Resistance Versus Applied Voltage During LOCA

Cable Nominal Number
Type Temperature of  IR(50V) IR(100V) IR (250V)
F’C) Samples (Ma-100m) (Ma-100m) (Ma-1. m)

Rock. FW 11 171 }A’I“ig 3 0.10 0.16
121 (AT9 b 1.4 1.3 1.3

Brand Rex 171 (AT3) 3 1.2 0.15
121 (ATY) 3 57 58 59

Polyset 171 AT3§ .e 1.5 14
121 (AT9 A 0.58 0.56 0.56

Raychem 171 (A'I'A; 2 1.6 1.9
121 (AT9 3 96 99 101

" Number of samples averaged, not necessarily total number of samples tested.

significantly different IR than the other conductors, that conductor wee 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 strongly 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 apply 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 L.

44 Insulation 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 A%(). 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.

45 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 tehavior., 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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transients. A sample IR plot during the first transient of AT3 for one of the Rockbestos
concuctors 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 ratge 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 cable: 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 cal:le 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
riods. 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. The major exception was during the initial
transient portions of the steam exposures where some cables experienced transient IRs

that were lower 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 XLPO cable t’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 tesﬁn%
reported in Volume * of this report compares IR data of multiconductors with the IR o
single conductors removed from the multiconductors. Although the single conductors
hac ur 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 IRs 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
insulated and there may alsc be an insulated path through the jacket to the grounded test
mandrel. Thus, it is not clear what the net ef?ect of ground return paths should be on the
differences in IRs of single and multiconductors. l-gloweve.r. the IRs 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 (Ma-100 m) of XLPO Cables Tested

Condition Brand Rex  Rockbestos Polyset Raychem *
Multi Multi Multi ingle
AT3--1st 171°C 0.089 0.10 & | 150
AT3--2nd 171°C 0.16 0.31 1.1 240
AT6--1st 171°C 0.073 0.034 0.35 66
AT6--2nd 171°C 0.34 0.064 0.14 37
ATY--1st 171°C 0.20 0.041 0.19 30
AT9--2nd 171°C 0.73 0.048 0.11 i§

* Data for this cable from the 100 V Keithley measurements
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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 Flamtrol
conductors passed the post-LOCA dielectric withstand tests. The active conductors of
the Pol[ysct 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 ¢! one conductor failing
(out of six tested) after AT9. This conductor took a peak voltage of about 1500 Vace, but
the test lasted only about § seconds,

5.3 Mandrel Bends and Diclectric 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 high potential tests. Because conductor #15 had failed during AT9,
conductors #14-16 (all part of the same cablef were not included in these tests, The
results of the mandrel bend and high potential tests are summarized i 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
| 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.e., 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 passed 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 § cm
(2 in) of each other near the location where the cable had begun wrapping on the afinf
mandrel, but in an area where the cable had not been wrapped on the aging mandrel. It
iIs very possible that this local arex of the cable was closer to the wall heater than the rest
of the cable, and thus, it may have been exposeu to (unknown) higher temperatures (and
more thermal aging). 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 damage was done to the
cable jackets. By the completion of the mundrel bends described below, most of the
cable jackets had fallen completely off. It should be noted that all of the cable
diameters, for purpuses of calculating maudrel diameter to cable diameter ratio, were
taken as the outer diameter of the cable with the jacket intact.

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

The next mandrel was a 10xD nominal diameter mandrel, followed br an 80 Vac/mil

withstand test. Dekoron Poiyset 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 mandre! diameter/  Test Maximum  Test Test
Type Cable diameter Voltage Current  Time  Length
(kV (mA) (min) (m

-

Brand Rex-1 Off aging mandrel-no bend 2.6 09 1 4.4
39 26 1.0 ) 44

31 2.5 0.9 1 44

17 2.5 1.0 1 44

9.9 2.5 1.0 1 44

52 2.5 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 09 S 44

k)| 2.5 0.9 1 44

17 2.5 1.0 1 44

99 2.6 1.0 1 44

5.2 2.5 1.1 1 44

Step breakdown test 14.0 6.6 See text 44

Brand Rex-3  Cff aging mandiel-no bend 2.6 0.9 | 44
39 2.5 1.0 5 44

31 2.5 0.9 1 44

17 25 1.0 1 44

9.9 2.5 1.0 1 44

5.2 2.5 1.1 1 44

Step breakdown test 14.0 6.8 See text 44

Rockbestos-17  Off aging mandrel-no bend 2.5 2.0 | 59
40 2.6 2.2 5 5.9

32 24 1.9 1 5.9

18 2.6 20 1 59

11 2.5 2.1 1 59

S4 2.5 23 1 59

2.6--Cracked - - 59

Rockbestos-18  Off aging mandrel-no bend 2.4 20 1 5.9
40 2.6 23 5 59

32 24 1.9 1 5.9

18 2.6 3 1 59

11 235 2.2 1 59

54 2l 24 1 59

2.6--Cracked - - 59
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Table 13 Mandre!l Bends and Dielectric Tests After ATY (cont)

Cable Bend mandrel diameter/ Test Maximum  Test Test
Type Cable diameter Voltage Current Time  Length
(kV (mA) (min) (m
Rockbestos-19  Off aging mandrel-no bend 2.4 1.8 1 5.9
40 2.5 2.1 5 59
32 &P 1.9 ! 59
8 2.5 2.0 1 29
11 2.5 2.1 1 59
S4 2.2 23 1 59
2.6--Cracked - - i
Polyset-24 Oft aging mandrel-no bend 2.5 & 1 6.0
41--Cracked - Fail 6.0
Damaged section removed
32 2.5 1.5 1 49
18 2.6 1.5 1 4.9
10--Cracked - - 49
Polyset-25 Off aging mandrel-no bend 2. 1.7 1 6.0
fl--Cracked - - 6.0
Damaged section removed
3 2.5 1.5 1 49
18 2.6 ~ 1 49
10 238 15 1 4.9
55 2.5 1.6 1 49
8.5 2.5 1.5 2 4.9
2.7--Cracked - - 49
Polyset-26 Off aginf mandrel-no bend 2.6 1.8 1 0.0
1--Cracked - Fail 0.0
Damaged section removed
3 2.5 15 1 49
18 2.6 1.5 1 4.9
10 2.5 1.5 1 49
5.5 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-no bend 2.6 1.8 1 6.2
41 26 1.8 5 6.2
32 2.5 1.8 1 6.2
18 o 1.8 1 6.2
10 25 1.5 1 6.2
5.5--Cracked - Fail 6.2
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Table 13 Mandrel Bends and Dielectric Tests After AT9 (cont)

Cable Bend miandrel diameter/ Test Maximum  Test Test
Type Cable diameter Voltage Current  Time Length
(kV (mA) (min) (m
Polyset-27 Damaged section removed
(cont) Step breakdown test 20.0 128 See text 52
Polyset-28 Off aging mandrel-no bend 2.6 1.8 1 6.2
41 2.6 1.8 S 6.2
32 2.6 1.8 1 6.2
18 2.5 1.8 1 6.2
10 2.5 1.8 1 6.2
5.5--Cracked - Fail 6.2
Polyset-29 Off aging mandrel-no bend 2.6 18 1 6.2
41 2.6 1.8 5 6.2
32 2.5 1.8 1 6.2
18 2.6 1.8 1 6.2
10 2.5 1.8 1 6.2
L £ 2.6 20 1 6.2
Step breakdown test 19.0 145  See text 6.2
Raychem-35 Off aging mandrel-no bend 2.5 0.9 1 4.1
41 2.5 0.9 S 4.1
24 2.5 0.8 1 4.1
11 2.5 0.8 1 4.1
53 2.5 0.8 1 4.1
2.6 A 0.7 1 4.1
1.3--Cracked - - 4.1
Raychem-36 Off aging mandrel-no bend 2.5 0.8 1 4.0
4] 2.6 0.9 5 4.0
24 2.5 0.8 1 4.0
11 r 8. 0.9 1 4.0
5.3 2.5 0.7 1 4.0
2.6 2.5 0.8 1 4.0
Step breakdown test 211 72 See text 4.0
Raychem-37 Off aging mandrel-no bend 2.5 0.8 1 4.0
4] 23 0.8 S 4.0
24 2.5 0.8 1 4.0
11 2.5 0.8 1 4.0
5.3 24 0.8 1 4.0
2.6 24 0.7 1 4.0
1.3--Cracked - - 4.0
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the test mandrel during aging and accident c?osures. 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 .vere located near where the cable
had begun wrapping around the aging mandrel. These two conductors failed in locations
similar to those of the threc 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

rformeld on difterent 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. Volitage
was held for 30 seconds at each voltage, then raised to the next voltage. The test volthﬁc
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.
After this bend, cracking through to all conductors was evident. Thus, this cable was not
tested furtber,

The first Dekoion Polyset cable (conductors #24-26) was subjected to a 2.7xDD mandrel
bend and a 1 minute dielectric test at 80 Vac/mil. Conductor #25 cracked during the
bend, but conductor #26 gasscd the dielectric test after the bend (conductor #24 had
Breviously failed during ¢he 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 began arcing and the test set tripped at a voltage of 21000 Vac after 17 seconds.
The leakage current before tripping was 12.5 mA. A retest of the cable allowed a
voltage of %0000 Vac to be applieg for § seconds with a leakage current of 20 mA. After
this last test, the breakdown point was located toward the middle of the cable.

Conductor #29 of the second Dekoron Polyset cable (conductors #27 and 28 had
previously failed during the 5xD test) was subjected to a step breakdown 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 & result of the handli
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.

with 80 Vac/mil dielectric tests after each bend. Both conductors survived the testin
with a 2.6xD mandrel, but both cracked when subjected to a bend around a 1.3x
mandrel. Raychem conductor #36 survived a similar 2.6xD mandrel bend and high
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¢ The tnree muiticonductor cable products tested had accident IRs that were
within an orde: of mugnitude 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 significent
portion of the difference is expected to be a result of actual differences in the
cable materials.

.  Owver the range from 50-250 V, IR was largely independent of test voltage
cfiuring 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
inverselv with temperature, i.e., the IR increased as the temperature
decreased.

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
chciﬁc and could range from no adverse effects to a temporary reduction in
the accuracy of some instrument circuits.

i. With the exception of the one conductor that failed during the LOCA tesy, all
conductors successfully passed high voltage tests at an applied voltage of
80 \’ac{mil following the accident tests. Three 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.

). Following the accident e);_posurc, dielectric withstand voltages of XLPO
cables were on the order of 13-21 k'Vac. Mechanical damage (cracking) was
gencrally necessary to cause breakdown voltages to occur at voltages below

0 Vac/mil of insulation. Such cracking during mandrel bend tests
frequently required mandrel bends much more severe than that specified in
IEEE 383-1974 [2].

k.  When cracking was observed after mandre! bends, it was asually through to
the conductor and very obvious.

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

m.  Although the IEEE 3%£3-1974 [2] mandrel bend requirement is quite severe,
most of the XLPO materials tested to our conditions survived mzandrel bends
significantly more severe than the ICZE 385 requirement (using successively
tighter mandrel bends uxtil failure occurred).

6.3 Summary of Coenclusions

The conclusions of this experimental effort with regard to both the broad and specific
objectives of the program arc addressed below:
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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 tested did not fail (with only one
exceptinnl y.hen eapusea i~ the environments defined in this test
program. It does nut prov. or disprove the adequacy of current
qualification practices and requirements,
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Al 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 valtages: S0, 100, and 250 V. Leakage current (or IR) data were taken
at discrete time. from 2 seconds to 1 minute for S0 and 100 V measurements and from
2 seconds to S minutes for 250 V measurements. IR gives a measure of the resistive
component of the dielectric impedance. Tt is typically used in industry as a go/no-go test
of insulation. However, no technical basis 1s available ., set an acceptance criteria
related to u%c-rclalcd 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 commaon criticisms of IR measurements are that they are subject to uncontrollable
temperature and humidity effects along the cable. Because they are dimensionless
yuantities, polarization indices are sometimes used to determine the condition of an
insulation structure,  Reference [A-2] indicates that polarization index is independent of
temperature. However, the data presented in Appendix C and discussed in Section 3.0

indicates that the Pl was dependent on temperature in our tests.

A polarization index lower than normal suggests excessive surface leakage or
deteriorated insulation [A-3, A4). IEEE 62- !97& fA—d] defines polarization index as the
ra.io 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 dielectric chi rge /voltage characteristics at the given frequency, and the phase angle
§ between the re il and imaginary components gives an indication of the dielectric losses
as a function of frequency. sI‘he tangent of the phase angle & is commonly referred to as
the dissipation factor (l)(g) and is often measured only at a single frequency. Dissipation
factor also gives an indication of the power factor (PF) since the two are relsied as
PF=DF/(1+DF?). If § 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. Typically in bridge techniques, a sinusoidal voltage is applied
to a bridge containing the unEnnwn sample as one leg. Other reference legs are adjusted
until bridge balance 1s 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 using two different
instruments, covering the range of frequencies from about 0.3 Hz to 500 iﬂz. 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 3!921 Spectrum Analyvzer combined with a low noise
preamplifier to make the measurements at the lower frequencies, from about (.3
1000 Hz. The overlapping portien of the ranges provided a check between

A-1






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

f. Repeat sten d).

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, 5-minute measurement, the above oproccclur_»: is used except that 28
measurements are perform=d during 4 minutes and 46 seconds in step g.

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

a.  If the measured voltage across the dropping resistor is greater than S V, then select
the next smaller dropping resistor.

b, If 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 ka 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
significantly 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 10% of nominal except when the cable
IR falls below 18 kaat S0 V, 18 ka at 100 V, or 556 ko 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 ka 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 conversi~~ is done b multiplying the IR in 0-100 m by 100 and
dividing by the actual cable leng = ,in metcrs{. which is given in Table 2.

A.22 Implementation Problems and Solutions

Probably the major difficulty with implementing the 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 high impedances. For
illustrative purposes, assume that the IR to he measured is 10'"q at 100 V using the
60 Ma dropping resistor. This value was exceeded by some cables in our test, even at
elevated tcmﬁzratures. A typical relay has an isolation resistance of 10° o between open
contacts and betv'een open contacts and the coil.

Based on the above, Figure A-2 is a circuit model that includes the input impedance of
the Keithley (5x10" ), 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 ’&ath to ground going in a reverse
direction through the unused dropping resistors. This parallel path amcunts to about
3.3x107 q, and the measured IR is then the parallel combination of the specimen and
3.3x107 q, or essentially 3.3x107 a. This is clear y unacceptable.

These problems were solved using specialized relays that are rated at a minimum

isolation of 10" 0 and are capable of switching 200 V at 0.5 A and carrying 1.5 A. The
minimum breakdown voltage of the relay i1s 300 Vac across the contacts and 1000 Vac
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from the contacts to the coil. The manufacturer indicated that 250 Vde and low currents
should pres.nt no problem for the ~clatively few switching operations required of the
relay in our ai?lication. Thus we de .Jed to limit our test voltage to 250 V (initial plans
were 1o 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)
p100 8 250

Sample IR (k) S0
1000 >45 =90 2225
500 »45 290 223
250 >45 =290 200
100 >45 >90 155
S0 =45 =90 112
25 >45 =90 72
15 44 88 oy
10 42 K3 ol
. 36 71 e
1 33 67 "
3 30 60 e
2 25 S0 e
1 17 33 -
0.8 14 29 »e
0.6 12 23 e
04 8 17 e
0.2 S 9 el
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
by the Keithley electrometer because its inputs must float to the high voltage (see
Fig ¢ A-2). To ..ork around this limitation, the Keithley could be connected on the low
(retw.’) 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 retura 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., anythinﬁ except conductor to conductor leakage) would not
be detccted if the Keithley were on the low side of the circuit.

Many measurement techniques (for botn IR and transfer function) discussed in the
literature [A-5, A-8, A-10 and A-11], ~~-ticularly those developed for use on small
insulation samnples, depend on being at..¢ to have neither the cable under test nor the
"ground plane" actually grounded, i.e., neither side of the insulation under test is
connected to ground. Thus, field implementation of these tcchniculcs may be limited by
the effect demonstrated in Figure A-3. It may be possible 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-1) is imposed by the Keithley itself.
Anytime a tugh impedance measurement is hci# made, the characteristic impedances of
the measuring device must be considered. The differential input impedance of the
Keithley (5x10' ) is sufficient for accurate measurements even when the 60 Ma
dropping resistor 1s used. However, the impedance from the negative terminal of the
Keithley o ground is only specified at 10" . A model for the "normal” connection of the
Keithley in this circuit is shown in Figure A-4. As can ke seen from this figure, the
impedance of 10° G 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 ne‘;ative voltages. In the case of reversed
leads, the differential input impedance of 5x10'* G becomes the minimum IR to ground
in parallel with the cable. The 10" i resistance simply becomes a shunt across the 1
supFly 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" g, This is one of several effects that limit the upper range of our
measurements.

Figure A-4 Model for Not &' Xe 1ley Connection

A reasonable estimate of the maximum capability of our instrumenta. = as configured
may be found from baseline open circuit measurements, The typical minimum IR of the
open circuit is $x10" o, This IR includes limitations from aspects discussed above,
interconnecting wire contributions, and inherent instrumeit limitations  Withou* using
any type of baseline correction, the #nen circait IR is expected *o cruss w7 ef about
20% when measuring 1Rs of Ix ' '? 4, or less than 2% when making  pical
measurements at 1x10"' G or below.

A.3 TRANSFER FUNCTION

The transfer function is measured using the circuit shown schematically ir. Figure A-5,
Two diffecnt instruments are used to make the transfer functior measurements, bot
being contro! ~d by a Hewlett Packard Model 216 oom%er. At hivher" frequencies,
over an effective range from about .00 to 500 kHz, the LF Analyzer is used (obviously
we have different perspectives of "low" frequency than Hewlett Packzrd). This
instrument uses an oscillator to excite the device under test in combinati-n: vith 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 f}our terminal ne.work is used to
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Figure A6 Comparison of Ungrounded and Grounded Configurations

The nreamplifier shown in Figure A-S is used in the voltage follower mode
(output = input). The preamplifier has an input impedance of greater than 10° G in the
differential mode and a input capacitance of about 8 pF. The input capacitance of the
preamplifier limits the upper freclucncy for effective measurements using the spectrum
analyzer, For example, at 1000 H:rl impedance due to the capacitance is
1,-&2 R 00O = 1/ (2% % * 1000 * 8x1017) = 20x10° 0. As this impedance is a facton
of 20 above the nominal 1 Ma resistor, it would only be expected to create errors ¢n the
order of $%. 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), bu, the data is somewhat variable and unreliable and the LF analyzer generally
did not make effective dissipation factor measurements below about 100 Hz. 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

prohlugs 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 |
indicated that temperatures did not devigie significantly from the trends shown in the
ﬁ*ures. The sample 1D numbers used in Table B-1 correspond to those given in Table 3.
A soliqcluded in this appendix is transient temperature data from each accident
simulation,
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Table B-1 Lxposure Data for 15-em. Insulation Specimens

Sample 1D Aging Aging Accident Total
Dose Rate 1| Dose Rate 2 Dose Rate Daose
(Gy/hr) (Gy/hr) (kGy/hr) (kGy)
Brand Rex
1-3.3 0 718 0 157
1-3-3R 0 748 413 1070
146-1 0 6H4.6 0 479
1-6-2 0 S84 0 8316
1<6-3L 0 ol 8 0 128
1-6-3F 459 0 0 110
1-6-4 49.6 §9.3 0 157
1+6-5 414 65.6 0 186
1-6-6 48 8 S8.9 0 239
1-6-6R 443 62.5 458 1120
1-6-R 0 0 4.6 876
1.9.1 0 349 0 26.7
1:9.2 0 387 0 §5.5
1-0.3 0 36 0 81.6
1-9-6 85.8 369 0 319
1-9.7 82.5 308 0 346
1-9-8 87.1 358 0 37
1-9-9 1.7 44.5 0 408
1-9.9R 82 40.2 4,56 1280
Rockbestos
2:3.3 0 74.5 0 163
2-3.3R 0 795 43§ 1080
2641 0 674 0 S0
26-2 0 71 0 102
2:6-3L 0 69,9 0 145
2.6-3F 356 0 0 85.2
2-6-4 342 722 0 128
265 37.7 68.5 0 182
2-6-6 437 63.2 0 236
2.6-6R 404 65.6 459 1110
2-6-R 0 0 457 878
2:9-1 0 356 0 27.2
2-9-2 0 376 0 539
2-9.3 0 36,7 0 83.2
2-9-6 88 8 377 0 33
2:9.7 89.3 8.6 0 366
2-9-8 88.1 36.5 0 382
299 7R3 454 0 410
2.9-9R 824 417 4.56 1200
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Table B-1 Exposu-e Data for 15-cm. Insulation Specimens (cont)

Sample 1D Aging ng Accident Total
Dose Rate 1 Dm:%ale 2 Dose Rate Dose
(Gy/hr) (Gy/hr) (kGy/hr) (xGy)
Raychem
333 0 65 0 142
3.3.3R 0 68.1 4.38 1060
3-6-1 0 7.2 0 §7.2
362 0 752 0 108
3-6-3L 0 78 0 162
3-6-3F §7.2 0 0 137
364 60.6 76.4 0 194
3-6-5 53.7 784 0 233
3-6-6 56 69 0 21
3.6-6R 56.9 727 471 1190
3.6-R 0 0 4.66 896
3-9-1 0 733 0 56
3.9.2 0 77.8 0 112
3.9.3 0 77 0 175
3-9-6 §2.7 79.1 0 267
3.9.7 488 79.9 0 322
3.0-8 57 752 0 389
399 55.6 704 0 428
3-9-9R 53.7 73.7 457 1310
Polyset
4.3-3 0 77.8 0 170
4-3-3R 0 822 437 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 32.7 73.6 0 126
4-6-5 322 752 0 177
4-6-6 409 66.2 0 238
4-6-6R 36.1 698 4.62 1120
4-6-R 0 0 4.59 881
4-9-1 0 456 0 349
4.9.2 0 306 0 56.7
4-9-3 0 42.5 0 96.3
4-9-6 88.6 436 0 338
4-9.7 89.1 40.6 0 369
498 86.4 468 0 405
4-9-9 78.2 48.1 0 419
4-9-9R 83.5 447 457 1300
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Table B-2 Exposure Data for 15-cm. Jacket Specimens (cont)

Sample 1D ng ing Accident Total
Doa:'éhte 1 I)o_s':gllstc 2 Dose Rate Dose
(Gy/hr) (Gy/hr) {(kGy/hr) (kGiy)
Polyset
4.3.3 Q 559 0 122
4-3.3R 0 59.3 442 1080
4-6-1 0 36.2 0 269
4-6-2 0 30 0 496
4-6-3L 0 23 0 66.9
4-6-3F 80.2 0 0 192
4-6-4 771 352 0 207
4-6-5 75.2 368 0 229
4-6-6 70.1 40.6 0 252
4-6-6R 734 378 4.59 1140
4.6-R 0 0 4.56 876
4.9.] G S5.8 0 42.7
4.9.2 0 59.6 0 85.5
4.9.3 0 63.4 0 144
496 735 65.1 0 316
4.9.7 75.1 61.2 0 367
4-9.8 77.8 513 0 406
4-9-9 68.2 61.5 0 434
4-9.9R 721 60.5 4.68 1340




Table B-3 Exposure Data for 36-cm. Single Conductor Specimens

—y o

Sample 1D ing Ag'ii-\g Accident Total
DBose Rate 1 Dose Rate 2 Dose Rate Dose
(Gy/hr) (Gy/hr) (kGy/hr) (kGiy)
Brand Rex
1-3-3 0 744 0 162
1-33R it 77.1 475 1160
1-6-1 0 §78 0 429
146-2 ] 549 0 78.6
16-31. 0 52.6 0 109
1-6-3F 78 0 0 172
1+6-4 60,7 58.7 0 181
165 56.5 58.7 0 214
166 §9.8 §5.3 0 257
1-6-6R 60 §5.2 s.01 1220
1-6-R 0 0 4.99 959
1-941] 0 46.6 0 35.7
19:2 0 482 0 69.1
149-3 0 80.5 0 183
1-9-6 54.5 82.7 0 271
1-9-7 894 408 0 K8
1-9-8 892 4749 0 417
1-9-9 83 S44 0 456
1-9-0R 86.1 515 5.4 1430
Rockbestos
2-3-3 0 72.6 0 159
2-3.3R 0 748 4.77 1160
2-6-1 0 479 0 35S
2-6-2 0 478 0 684
2-6-31. 0 §2.2 0 108
2-6-3F 64,1 0 0 153
2-6-4 81.2 485 0 225
2:6-5 68 4 487 0 229
2-6-6 68.5 50.3 0 261
2-6-6R 65.3 50.9 5.02 1230
2-6-R 0 0 5 0h2
2-9:1 0 §2.2 0 40
2-9.2 0 01.5 0 131
293 0 50.5 0 11§
2:9-6 88.9 519 0 349
249.7 44,1 939 0 336
2-9-8 89.2 536 0 432
| 2-9.9 K26 §7.2 0 465
2-9.9R 86.2 538 S.07 1440
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Table B-3 Exposure Data for 36-cm. Single Conductor Specimens (cont)

Sample ID Agn; Aging Accident Total
Dose Rate 1 Dose Rate 2 Dose Rate Dose
(Gy/hr) (Gy/Lr) (kGy/hr) (kGy)
Raychem
3-3.3 0 517 (¥ 113
3.33R 0 a6 487 1120
36-1 0 33 0 246
3.6-2 0 357 0 S1.1
3.6-3L 0 §2.7 0 109
3-6-3F 74.7 0 0 179
164 85.6 36.2 0 228
3-6-5 86,7 336 U 252
166 76 42.7 U 270
3-6-6R 812 8.1 $.03 1240
3-6-R 0 0 5.01 963
301 0 86 0 658
3-9.2 0 88.7 0 127
3-9.3 0 849 0 192
3.9.6 494 87.2 G 266
3.9.7 554 91.1 0 366
3.9.8 60.3 88.3 0 43
3.9.9 61.1 80.3 0 477
39.9R S8.5 8S.S 512 1470
Polyset
4-3-3 0 68.6 0 150
4-3-3R 0 7.1 4.78 1150
4-6-1 0 447 0 332
4-6-2 0 419 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-S 718 454 0 233
4-6-6 68.2 477 0 262
4-6-6R 70.2 463 .02 1230
4-6-R 0 0 499 959
4.9.] ¢ $5.9 0 427
4.9.2 0 S8 0 83.1
4.9.2 0 56.3 0 128
4-9.6 893 5§78 0 357
4-9.7 879 59.5 0 408
4-9-8 87.2 574 0 437
4-9-9 79 618 G 470
4-9.0R 83.2 593 5.09 1450
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Table B4 Exposure Data for 36-cm. Multiconductor Specimens (cont)
|
l
4

Sample 1D Agglng ing Accident Total
Dose Rate | Dose Rate 2 Dose Rate Daose
(Gy/hr) (Gy/hr) (kGy/hr) (kGy)
Polyset
4.3.3 0 91.6 0 200
4-3.3R 0 K7.3 4.77 1190
4-6-1 0 726 0 538
462 0 754 0 108
4-6-3L 0 799 0 166
4.6-3F 3.7 0 0 76
4-6-4 349 6.6 0 133
4.6-5 RLE 73.7 0 190
4-6-6 42.5 69.6 0 246
4.6-6R 38.8 72 S.04 1210
4-6-R 0 0 5.02 966
4-9.1 0 537 0 41.1
4-9.2 0 497 0 713
4-9.3 0 S04 0 114
4-9-6 96.8 S1.8 0 374
4.9.7 93.7 S1.1 0 406
498 88.7 55.1 0 435
499 85.7 S48 0 466
4-9.9R 90.6 50.4 5 1430
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“ppendix 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 po'nt, the error bar
s'!:m;n around the symbol for that data point represents one sample standard deviation of
the duta.
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Table C-2 Polarization Index Data at Ambient Temperature

Note: All Pls in this table are the 250 V IR at § minutes
divided by the 250 V IR at 30 s.

CondCham 3 Cham3 Cham6 Cham6 Cond Cham9 Cham9 Cham9
# Month 0 Month 3 Month O Monthé # Monthd Month9  After

Brand Rex XLPO
1 321 6.49 2.49 331 1 2.56 493 2.76
p4 2.52 438 2.33 2.50 2 2.28 2.96 2.20
3 2142 4.63 245 388 3 3.63 2.70
Rockbestos Firewall 111
12 eees 4.98 2.95 vess 14 548 evve 5.70
13 deee sene 275 sens 15 418 6.15
14 - S8ee 431 2.92 s 16 3.97 i 6.49
17 3.67 6.30 5.57
18 454 6.32 5.08
19 315 5.42 424
Dekoron Polyset
19 257 2.23 2.08 292 24 291 2.34 1.95
20 211 217 1.98 2.26 25 2.46 247 1.75
21 227 2.07 2.01 3.14 26 263 2.08 2.03
27 3.50 2.65 1.98
28 335 324 1.83
29 4.63 2.72 1.99
41 0 1.43 1.09 2.22 55 1.20 1.05
56 1.17 1.04

Raychem Flamtral

27 LR R LE R R 3‘68 LR 35 1‘64 LR R TEEE
28 LR R sasse 3‘49 1-81 36 2.77 LR R LR R

37 LR st Enes

---- NO measurement
**** No Pl because IR too high to measure

| C-12
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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 . 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 ci ble specimens. The data
points between 0 and 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. se
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 1rom samples exposed
to both aging (either 3, 6, or 9 months) and accident radiation,
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Appendix G Density Data

In this appendix, relative density is presented for each cable type. Error bars around
each data Eoim symbol represent one sample standard deviation of the data. The data
g:im at 0 kGy total dose on each plot is from virgin cable specimens. The data points

tween 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, € or 9 months) and accident radiation,
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Appendix I IR of Each Conductor During Accident Testing

In this (:ﬂ:endix. conductor identification numbers are given by the chamber number (2
40, or ased on the nominal life simulated during the aging in that chamber), foll
? a conductor number from Table 2. Some of the plots only show the data from the
cithley because those conductors wi re 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, 190, or
250 Vde (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

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

L.

Loss of uata during aging--As a result of pr.olems with a disk used to store the aging
data, several segments of dat~ . _.¢ 10st for uic 6- and 9-month chambers. Bac
printouts and logs kept during aging were used to verify that the tempe ~~ture in the
chamber did riot deviate significantly from the desired _onditions. 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 gduring
the first dwell at the peak temperature) and again between about 4.0 and 4.5 hours
into AT6 (during the cooldown after the first transient), data logger 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,
maoisture dripped from the ends of some of the cables outside the test chamber.
During AT6 (the first accident test run), a few of the conductors leaked enough to
y otentially disrupt the leakage current monimrinﬁasystcm by leakage on a
¢ ‘nnection 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 system (using the Keithley electrometer)
was not affected by the water drirping. The IR data during the A that was
potentially affected by the water dripping has been deleted from the continuous {R
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--Following AT6 and ATY, the
stainless steel thermocouple sheaths were found damaged. In several cases, the
bare conductors were visible through the minecre: 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 damage.
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 m st
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.
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