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Abstract

This report describes the results of aging, condition monitoring, and accident testing of
crosslinked polyolefin (XLPO) cables. Ihree sets of cables were aged for up to 9 months
under simultaneous thermal (-100"C) and radiation (-0.10 kGy/hr) conditions. A
sequential accident consisting of high dose rate irradiation (-6 kGy/hr) and high
temperature steam followed the aging. The test results indicate that most properly
installed XLPO cables should be able to survive an accident after 60 years for total agmg
doses up to 400 kGy and for moderate ambient temperatures on the order of 50-55*C
(potentially higher or lower, depending on material saecific activation energies).
Mechanical measurements (primarily elongation, modu us, and density) were more
effective than electrical measurements for monitoring age-related degradation.
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Nomenclature- .

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

5-month chamber Refers to the test chamber associated with the cables that were - ,

- aged for 3 months

6 month chamber Refers to the test chamber associated with the cab: aat were
aged for 6 months

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

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

AT3 Refers to the accident (steam) test performed on the cables aged
for 3 months

AT6 Refers to the accident (steam) test performed on the cables aged
for 6 months

AT9 Refers to the accident (steam) test performed on the cables aged
for 9 months

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

4

IR Insulation Resistance

PI Polarization Index; the ratio of irs at two different times

DF Dissipation Factor

Keithley IR IR measured using the Keithley electrometer apparatus

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

XLPO Crosslinked polyolefin

XLPE Crosslinked polyethylene, a specific type of XLPO .

CSPE Chlorosulfonated polyethylene :

AWG American Wire Gaugec

/C number of conductors

FR-EP - Flame retardant ethylene propylene
.

CPE Chlorinated polyethykne

EPR Ethylene propylene rubber
,

-xiii- r

, ... . . - - - -- . . - _ . . . .:.=- -



. . . ..._ . -_ _ ,. . _ .- . . _ .. -, . __ - _ . - _-

EPDM Ethylene propylene diene monomer ;

TSP Twisted shielded pair

FR Flame rctardant

BlW Boston Insulated Wire J

i
EPRI Electric Power Research Institute ]

NRC Nuclear Regulatory Commission

EQ Equipment Qualification

e Absolute elongation, the % elongation at break of test sample (s);.
(lorca - 1,na;.i) /1,naig * 100%

Absolute elongation of unaged sampleseo

e/c Elongation at break relative to unaged sample; relative elongationo

T Tensile strength of test sample (s)
,

To Tensile strength of unaged samples

- T/To Tensile strength relative to unaged sample -

H Ilardness

llo llardness of unaged samples

II/Ilo Hcrdness relative to unaged sample r

M Indenter modulus

Mo Indenter modulus of unaged sample

M/Mo Indenter modulus relative to unaged sample

D Density; Cable outside diameter

Do Density of unaged samples

D/Do Density relative to unaged sample -E

LICA Low Intensity Cobalt Array, a facility for perferming,_

thermal / irradiation exposures
|'
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liXECUTIVE SUMM AltY

condition monitoring, and accident testing of
This report describes the results of aging,he cable products tested are representative ofcrosslinked polyolefin (XLPO) cables. t
typical XLPO cables used inside containments of U.S. light water reactors. Some
manufacturer's specify a cable material of crosslinked polyethylene (XLPE); in tb4
report, the more generic term XLPO will be used to represent all XLPE and XLPo
cables. The test specimens included multiple samples of XLPO cable products from
Brand Rex, llockbestos, llaychem, and Samuel Moore. The llaycl.em product was
purchased and tested in a single conductor unjacketed configuration. The remaining test
samples were multiconductor jacketed cables. This report is the first of three volumes
describing the results of the testin '. Volume 2 will discuss ethylene propylene rubber
(EPR) cable products and Volume . will discuss niscellaneous cable products.

_

Many types of cable are used throughout nuclear power plants in a wide variety of
applications. Cable qualification typically includes sequential thermal and radiation
agmg intended to out the cable in its end-ofMfe condition. The radiation dose is
normally applied at fairly high dose rates (1-10 kGy/hr) with Arrhenius methods used to
establish accelerated aging times and temperatures. Generally, the radiation and
thermal aging are ap11ied to the specimens sequentially. These qualification efforts
assume that sequentia ap, plication of aging stressors a; roximates simultaneous thermal
and radiation agmg conditions. Because of the high t we rates and high temperatures
that are typically employed. cable materials can experie .cc oxygen diffusion effects that,

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

The primary objectives of the testing were to determine the long term aging degradation
behavior of popular cable products used in nuclear power plants and to determine the
potential for using condition monitoring (CM) for residual Pe assessment. More
specific objectives were to assess the accident performance of cables agcd more slowly
(e.g., at lower temperatures and radiation dose rates) than v jypical industry tests and
under simultaneous conditions; to usess the conservatism associated with the
IEEE 383-1974 post-accident mandrel bend and high potential testing; and to assess
what additional qualification requirements might be needed as cables age beyond their
current qualified life.

The experimental program consisted of two phases, both using the same XLPO test
specimens. Phase I was a simultaneous thermal (-100 C) and radiation aging
(-0.10 kGy/hr) exposure, and Phase 11 was a sequential accident erure consisting of
1100 kGy of high dose rate irradiation (-6 kGy/hr) followed by nulated loss-of-
coolant accident (LOCA) steam exposure. The test program generally followed the
guidance of IEEE 323-1974 and IEEE 383-1974.

XLPO cable products (total of 18 cables comprising 40 individual conductors) were
included in three different test chambers, with the cables in each chamber aged to a
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different extent prior to accident testing. Cables were aged for 3 months in the first
chamber,6 months in the second chamber, and 9 months in the third chamber. The

'
- acceleratea aging semperature was determined by equating the 6-month exposure to a-
40-year life and assuming an activation energy of 1.15 eV and a plant ambient
temperature of 55"C. Consistent with past Sandia testing, the accelerated radiation
aging dose rate was determined by assummg 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 andition monitoring
measurements were performed on the cables. The electrical incasurements were
performed on long lengths of cable, while the mechanical measurements were performed
on small sam,les 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 (using

a cable indenter develop)ed at Franklin Research Center under Electric Power Research ~Institute (EPRI) funding , hardness, and bulk density. During the accident exposure, the
insulation resistance of the cables was moritored 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 aging degradation behavior of popular cable
product 3 used in nuclear power plants.

Conclusion: The test results indicate that most properly installed XLPO cables should
be able to survive an accident after 60 years for total aging doses up to
400 kGy and for moderate ambient temperatures on the order of 50-55 C
(potentially higher or lower, depending on material specific 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. Although a quantitative generic acceptance criterion is difficult
to establish based on these tests, a reasonable range (that is likely to be
fairly conservative) svould be about 50-100% absolute elongation
remaining. Compressive mo_dulus and density could also be somewhat-
effective for momtoring residual life, although acceptance criteria would
be mch more difficult to establish for these measurements because -
extensive testing has not been performed to demonstrate that modulus:
and density respond consistently for varied test co#itions. The electrical-
measurements were not effective for monitoring residual life.

Objective: To assess the accident performance of cab _les aged more slowly (e.g., at
lower temperatures and radiation dose rates) tha6in typical industry tests -
and under simultaneous conditions.e

Conclusion: The accident performance (in terms of electrical properties) of the XLPO '
cables did not differ substantially from the accic er,t performance of
cables aged at more. highly accelerated (both sequential and
simultaneous) conditions in past Sandia tests, as well as in industry tests.
However, it must be noted t%t ;his conclusion only applies up to the'

limits of the aging conditions simulated in this test program smce the

I -2-
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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.

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

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

Objective: To assess what additional qualification requirements might be needed as - j

cables age beyond their current nominal 40-year qualified life. J

Conclusion: The accident performance of cables aged to the three different lifetimes
was not significantly different. Thus, for. XLPO cables exposed to
environments less severe than those simulated in this tist program, these -
tests do not indicate the need for additional qualification requirements e,
cables age beyond their current qualified life. This conclusion is based on
the technical finding that the cables tested did not fail (with only ore
exception) when exposed to the environments defined in this test
program. It does not 3 rove or disprove the adequacy of current
qualification practices anc requirements.

,
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1

1.0 INTRODUCrlON

1.1 llackground

Many types of cable are used throughout nuclear power plants in a wide variety of
apphcationsi Cable qualification to IEEE 3231974 [1] and IEEE 383-1974 [2] typically 1

includes sequential thermal and radiation aging intended to put the cable in its end-of-
high dose rates (110

life condition. The radiation dose is typically applied at fairlyial aging times and -kGy/hr) with Arrhenius methods used to establish artific
temperatures. Generally | the radiation and thermal aging are applied to the specimens 4

sequentially. These qualification efforts assume that sequential application of aging
stressors approximates simultaneous thermal and radiation aging conditions. Some
(primarily research) programs have applied the environments simultaneously ;3-6]. -

However, because of the high dose rates and high temperatures that are typ cally
employed, cable materids can still experience oxygen diffusion effects that result m non--
umform aging. 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 useful for establishing effective condition monitoring
programs that can assess a cable's ability to survive an accident environment. The
current experimental program went beyond previous efforts [3,6) by employing
considerably less accelerated, simultaneous thermal ar.d radiation agmg conditions; by

laying many more condition monitorin ' measurements during aging; and by
emformmg similar accident tests on cables age to three different nominal lifetimes.per

This report describes the results of aging, condition monitoring, and accident testing of
crosslinked polyolefin (XLPO) cables. The cable products tested are representative of-
typical XLPO cables used inside containmems of U.S. light water reactors. Some
manufacturer's specify a cable material of crosslinked polyethylene (XLPE); in this
report, the more generic term XLPO will be used to represent all XLPE and XLPO
cables. This re, ort is the first of three volumes Jescribing the results of the testing.

- Volume 2 will tiscuss ethylene prolyler.c rubber (EPR) cable products and Volume 3
will discuss miscellaneous cable prot ucts.

1.2 Objectives

The broad objectives of this experimental program were twofold:
; a, to determine the long term aging degradation behavior of popular cable

products used in nuclear power plants and

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

|

More specific objectives were as follows:

a. to assess the accident performance of cables aged more slowly (e.g., at-lower -
temperatures and radiation dose rates) than in typical industry tests and underf
simultaneous conditions;

b. to assess the conservatism associated with the IEEE 383-1974 [2] post-accident
mandre1 bend and high potential testing; and

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

4
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1.3 Approach

To cecomplish these objectives, an experimental program consisting of two phases was
undertaken, both using the same test specimens. Phase I was a simultaneous thermal-

-(-100 C) and radiatmn aging (-0.10 kGy/hr) exposure. Phase II was a_ sequential
_

accident exposure consisting of 1100 kGy of high dose rate irradiation (-6 kGy/hr)
followed by a simulated loss of-coolant accident (LOCA) steam exposure. The test
program generally followed the guidance of IEEE 323-1974 [1] and IEEE 383-1974 [2],

Fcur 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 55 C, The accelerated radiation aging dose
rate was determined by assuming a 40-year radiation dose of 400 kGy and the total
accident radiation dose was 1100 kGy. It should be noted that typical generic industry
qualification testing uses an aging dose of 500 kGy and an accident dose of 1500 kGy,

A complete list of the cables inchided in this proy, ram is given in Table 1. This re > ort

only describes the results foi the XLPO cables, which are tfie first four entries in Tab e 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 m the unaged
cable test (although baseline electrical and mechanical properties tests of unaged cables
were performed). Therefore, the testing of unaged 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 i

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

Suonlier Description -

1. Ilrand Rex 30 mil XLPE Insulation,50 mil CSPE Jacket,12 AWG,3/C,600 V

i2. Rockbestos Firewall 111,30 mil Irradiation XLPE,45 mil Neoprene Jacket,12
AWG,3/C,600 V

3. Raychem Flamtrol,30 mil XLPE Insulation,12 AWG,1/C,600 V

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

5. Anacaoda Anaconda Y Flame Guard FR-EP,30 mil EPR Insulation,45 mil .

CPE Jacket,12 AWG. 3/C,600 V

5a. Anaconda * Anaconda Flame-Guard EP,30 mil EPR insulation,15 mil-
Individual CSPE Jackets,45 mil Overall CSPE Jacket,:12 AWG,
3/C,1000 V

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

8. Kerite Kerite 1977,70 mil FR insulation,40 mil FR Jacket,12 AWG,1/C,
6J0 V

8a. Kerite Kerite 1977,50 mil FR insulation,60 FR Jacket,12 AWG,1/C,
000 V

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

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

Note: See nomenciature section for abbreviations.

- 6--
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2.0 EXPERIMENTAL ARRANGEMENT

2.1 Test Strateev

2.1.1 Phase I--Simultaneous Aging Exposure

Phase I consisted of simultaneous thermal and radiation agin of the cables. The aging
was performed in Sandia's Low Intensity Cobalt Array (LICA facility. A 1hotograph of
one of the test fixtures used in the LICA facility with a test chamber placec in it is shown
in Figure 1. When located at the bottom of the LlCA water pool, cobalt pencils were

m

; mww*gmwip?Mnw ~;g"%gmW~ ~
hhpwgppygge;99 gg? hYN
.g i, g 3 y > gg

W d f.MM;bk h h b bY $. n m,M@AWWW$yf. Myd
Ybb

ntipi dis
,a +#VE%py%tWWWpyh Va$n@n%aw

wyn.

w is g p
g E ;ih @u q 4' 9 #| % ;{ W@ k M ..,;& Q @
bj MG$9$ i jnO M$m hyin-.. WSi wo- s r -

ww$nM@~t
1 tow pm- m --

sMMen@e$e:-
m

f%MG bct LWDM . '.._

bpd Mg

-}Mh"(@^kwepgnew abd"%R#dj@p!df[gg@yiy
xv~m -

3s $ yp g gg4$
*Q 5 -445JMf G

4- % >_

b Tl.fs
1

-- _ . _ _____.m.___..

& wommmmmmmmamamammasaneraemmanawanmamam J, e a- -

l .n;;; ; .
| Mi
',

. Y' i . s

. W Mi *

wa} $..s i:#es
.

.9-e ~

,
,

W$' _. 22
- m~

s

% ys ,. m $ fy r > -w

paWMe '
- - 9

w aM@M - ' v:./ -., ,
ginw m|

m
'9 /?( .g. .

1
"'

w , j f4 & &~ s9yi e %as r m u se x m: m an
-

m w den wragg g-

; . ~ -

mma.~, -

.-.7,..s % %e% gg
*

e % AQs < ,;

3 ;.

-
,

"~ Mws nw wt w y
| .A -

G

|

E,

x,

'ti!

I
. . .

L

Figure 1 Test Chamber in Fixture Used for Aging
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alaced 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 meetmg a realistic schedule toacther with the desire to accelerate the aging of
the cables as little as possible, periods of three, six, and nine months were chosen us the-
accelerated aging times. The aging conditions assumed a plant ambient temperature of
55 C with no conductor heat rise. Conductor heat rise durmg normal plant operations is
rarely significant for qualified cables in containments of nuclear power plants because
most qualified nower circuits are not energized during normal operation and other
circuits (control and instrumentation with low currents) have mimmal heat rise. The I

well known Arrhenius equation was used to calculate the aging temperature:

T[-T[ (1)- exp

where ti and 12 are two aging times (one normally being the life to be simulated), E, is
the activation energy of the material, kn is Boltzmann's constant, and T and T are thei 2 :

i and 1, respectively. With the desiredabsolute aging temperatures corresponding to t 2
i

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 j
3revious Sandia tests was typically 400 kGy for 40-year samples [3,5,6]. To provide a 1

lasis for comparison to this study, the 20-year cables were aged to a nominal total dose
p of 200 kGy, the 40-vear cables to a nominal 400 kGy, and the 60-year cables to a nominal

600 kGy. Each of these total aging doses required a dose rate of about 0.09 kGy/hr.!

During the aging 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.

2.1.2 Phase Il -Accident Exposure

Phase 11 consisted of exposing the cables to a simulated LOCA environment in Sandia's
Area I facility. The cables were first exposed to an accident radiation dose of
approximately 1100.kGy at a dose rate 'of about 6 kGy/hr. This radiation exposure was j
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 penttrations- 1

remained shielded from the radiation environment as much as possible. The samples j

were then exposed to a high temperature and aressure steam environment. The test; '

profile was similar to the one gi_ven in IEEE 323-1974 [1] for " generic" qualification. The -|
cables were enegaed at 110 Vdc during the accident simulation. Insulation resistance
measurements:(irs) were performed on-line throughout the test. irs were also:
measured periodically with an independent measurement technique that is more ,

accurate than the on-hne. measurement system for irs above 108 0. 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).

-8-
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2.2 Int 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
alant usage of cables. Also considered in specimen selection was the current
BPRI/ University of Connecticut aging study [8].

2.2.2 Sample Preparation

For each cable type,23-m (76-ft) lengths o. cable were wrap 3ed around a mandrel. The
effective cable length inside tl+ test chamber was typically c.6-6.1 m (15-20 ft), with the
remainder of the cable used fo. external connections. A typical mandrel hangmg from a
test chamber head is shown in Fi
of the same cable were tested, gure 2. Where both single and multiconductor samplesthe. single conductors were obtained by stripping the
jacket from the multiconductor and removing all filler materials.

Additional test samples included in the aging exposure consisted rf insulation and jacket
specimens that were 15 cm. (6 in. long and sm, gle and multiconductor cable samples that
were 36 cm. (14 in.) 1i'ig. The m) sulation andjacket samples (hereafter rderred to as
tensile specimens) were used for tensile strength and elongation testing. - The copger
conductors were removed from these cable samples prior tc, the beginning of aging. The
36-cm cable samples (nereafter referred to as complete cable specimens) were used for
hardness and modulus testing. They were prepared by simply entting the cables to the
desired length and stripping the insulation from the ends of the cable. Figure 3 shows a
tspical sample basket that these samples were placed in during aging. This basket was
then located inside the mandrel shown in Figure 2.

2.3 Int 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, and 3F month samples, respectively, ions endingwhen they
were removed from the 6-month chamber. - Similarly, the sample identificat

-in 1,2, and 3 from the 9-menth chamber were generated by replacing the 8,-7, and -
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 ag
the charrbers were determm,ing were performed in Sandia's LICA facility. Dose rates ined using thermoluminescent dosimeters (TLDs). The cables
were in.W lled 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

-inlet air heaters. Temperature uniformity was controlled to the extent possible by

insulg-/mm) of outside c' (about 40 air changes per hour) was introduced into theting the chamber and by providing air circulation. Approximately 4.7 Ifs(10 ft
chamber to maintain circt.ation and ambient oxygen concentration. Some of the piping
used for air circulation can be seen in Figure 2.
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Figure 2 Typical Test Mandrel Figure 3 Typical Sample Basket
Hanging from a Test Chamber Head

2.3.2 Loss-of-Coolant Accident Simulation

! The accident simulation consisted of an exposure to a nominal radiation dose of 1100
kGy at 6 kGy/hr and ambient temperatme, followed by a simulated LOCA steam
exposure. The intended LOCA temperature and pressure profiles are given in Table 6
and were applied following the accident radiation exposure. Also given m Table 6 is the
IEEE 323-1974 [1] sugger.ted profile for a combined BWR/PWR generic test. The only
significant difference m the profiles is that the final portion of our tests was at a higher

;. temperature and for a shorter duration than IEEE 323 suggests. Four separate LOCA
tests were performed, one for each test chamber, llowever, tilis volume only discusses
the three LOCA tests that included XLPO cables.

2.3.2.1 Saturated Versus Superheated Steam

The LOCA profile used in these tests consisted of superheated steam conditions during
| the initial ramp and until 6 hours after the start of the second transient. It then

continued as saturated steam. Whether saturated or superheated steam is more severe is
I not known: superheated conditions may tend to dry out the insulations and cause them to

crack, while saturated conditions provide moisture to penetrate connections or
,

insulations and cause shorts. :lowever, it is generally believed that saturated conditions
,

| tend to be more severe. The LOCA profile used in this test program was choser Pecause
it is representative of profiles used by the industry during actual qualification tens (i.e.,
IEEE 383-1974 [2] qualification tests).

'
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Table 2 Cables Tested in Each Chamber and Conductor Identification-

i

Cables Agd for 3 Months

Cable Type Cond .or Tested Location on Mandrel '
(see Table 1) Number Length (below chamber flange)

Brand Rex--1 1 (Red) 5.2 m (17 ft) 28 cm (11 in) ,

2 (White)
3 (Black) -

Firewall 111-2 12 White 5.3 m (18 ft) - 48 cm (19 in)
13 (Black))
14 (Red)

Polyset--4 19 5.8 m (19 ft) 64 cm (25 in)
20
21

Ra chem--3 27 4.5 m (15 ft) 38 cm (15 in)
Ra chem--3 28 4.5 m (15 ft) 41 cm (16 in)

Shield or cond.19 21 41

Cables Agd int fibioliths - '

Brand Rex--1 1 (Red) 4.6 m (15 ft) 28 cm (11 in)
2 (White)
3 (Black)

Firewall III--2 12 White) 5.0 m (16 ft) 46 cm (18 in)
13 (Black)
14 (Red)

Polyset--4 19 # 1) 5.9 m (19 ft) 61 cm (24 in)
20 #2)
21 # 3)

Ra chem--3 27 4.7 m (15 ft) 36 cm (14 in)
Ra chem--3 28 4.9 m (16 ft) 38 cm (15 ia)

Shield or cond.19-21 41
r

Cables Agd for 2 Months
,

i

Brand Rex--1 ,(Red)' 5.3 m (17 ft) 18 cm (7 in)
2 (White)

| 3 (Black)
Firewall Ill--2 14 White) 6.0 m (20 ft) 43 cm (17 in)-

'-

15 (Black)
=16 (Red)

-11-
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Table 2 Cables Tested in Each Cnamber and Conductor Identification (cont.)

Cables Agtd for 2 Months (cont.)

Cable Type Conductor Tested Location on Mandrel *
(see Table 1) Number Length (below chamber flange)

Firewall 111- 2 17 White) 6.8 m (22 ft) 48 cm (19 in)
18 Black)
19 (Red)

Polyset -4 24 6.7 m (22 ft) 66 cm (26 in)
25
26

Polyset- 4 27 6.9 m (23 ft) 71 cm (28 in)
28 -
29

Ra > chem -3 35 4.9 m 16 ft 28 cm 11in
Ra chem- 3 36 4.4 m 14 ft 30 cm 12 in
Ra chem 3 37 4.4 m la ft 33 cm 13 in

Shield or cond. 24-26 55
Shield for cond. 27 29 56

* For the 3. and 6 month chambers, conductors 121 were wrapped on the cutside of the
mandrel and conductors 22-39 were wrapped on the inside of the mandrel. For the 9-
month chamber, conductors 129 were wrap:)ed on the outside of the mandrel and
conductors 30 50 were wrapped on the inside of the mandrel.
._ _

2.4 Monitoring During Iciting

2.4.1 Cable Condition Monitoring During Aging

.This section describes the condition monitoring measurements that were performed on
the cables during .:2 aging exposure.

2.4.1.1 ElectricalTechniques

a. Insulationlesistanc.. (IR),and ochiri7ation index!Pl. the ratio of I? at two different -
times) between each c,onymtor and all other conductors connected tocether. We
performed the meani'ements at nominal voltages of 50,100, and 250 Vdc. IR/PI
measurements for single conductors are much more difficult to interpret than those
for shielded and/or multiconductor cables because the single conductor cables have
a much less precisely defined ground plane. Our measurements were always
performed relative to the same ground :> lane in the same configuration. Thus, the
single conductor measurements will at east indicate trends in IR that result from
pobal degradation. Imcal degradation of a single conductor cable may be outside
the effecove ground plane and may therefore not be detected. Such undetectable

-12-
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l local degradation is not limited to single conductors, however, since the ground |
plane for unshielded multiconductors is, at least in part, based on insulated |
conductors. Appendix A gives a discussion of IR and PI measurements and the {circuitry used to measure them. ;

;

|
-

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 6 First 3 months of exposure |xx 6-4 6 First 4 months of exposure -

xx 6 5 6 First 5 months of exposure -

xx 6 6 6 Entire 6 month exposure
xx 6-6R 6 Entire 6 month exposure and accident radiation
xx 6 R 6 Accident radiation exposure only
xx 6-3L 6 Last 3 months of exposure
xx. 6 2 6 I;ist 2 months of exposure
xx 6 1 6 Last 1 month of exposurc

xx 9-6 9 First 6 mon'hs of exposure
-xx 9-7 9 First 7 months of exposure ,'xx9-8 9 First 8 months of exposure
xx 9 9 9 Entire 9 month exposure
xx 9 9R 9 Entire 9 month exposure and accident radiation
xx 9 3 9 1;ist 3 months of exposure
xx 9 2 9 12tst 2 months of exposurc
xx 91 9 12tst I month of exposure .

_._

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

b, Canacitance and dissinadon factor between cadtconductor and all other conductcrs
L connected tocether. Capacitance measurements give an ir . cation of the dielectric
i- charge / voltage characteristics and dissi ation factor gives a measure of the AC

~

resistive leakage current in the cables. 'I iese measurements, like IR/P1, are more,

| . difficult to apply and interpret when single conductor cables are tested. Note that -
L once capaeltance 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.

2.4.L2 Mechanical Techniques -

n. ' Eloncation at failure of the tensile specimens. This measurement determines the '

amount that the cable will stretch prior to failure. We performed these

,

-13-
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measurements with an Instron Model 1000 load tester and an incremental
extensometer that has a resolution of 10% elongation. 'Mic samples were stretched
at a rate of 127 mm/ min (5 in/ min). The measurements were performed on the
small test specimens discussed in Section 2.2. This is, of course, a destructive test.

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

.

i

b. Uhbnale_tcInilcatic11gth of th.e tensile.sechneln. This measurement was made i

together with elongation measurements and is defined as the force at break divided
by the initial cross sectional area of the material.

|

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

insulation ,

>

Chain. f 3 3 6 6 6 6 6 6 9 9 9 9 9
a 6R R 6/37/28/1 9 9Rhiunth1 3 3R 3F/3114/2 5/1 ,

Cable hvc
lirand Rex 12 9 7 9 11 14 4 10 7 9 11 14 4

Rockbestos 13 9 7 9 11 13 4 10 7 9 11 13 4

Raychem 10 6 5 6 7 10 4 9 5 6 7 10 4
'

Dekoron 13 9 7 9 11 14 4 10 7 9 11 14 4

Jacket
,

Chatu.1 3 3 6 6 6 6 6 6 I 9 9 9 ?

Muniht 3 3R 3F/3114/2 5/1 6 6R R 6/37/28/l 9 9R

Cahichyc
llrand Rex 13 10 3 5 6 9 3 6 3 5 6 9 3

Rockbestos 13 10 3 5 6 9 3 6 3- 5 6 9 3
Raychem 0 0 0 0 0 0 0 0 0 0 0 0 0
Dekoron 13 10 3 5 6 9 3 6 3 5 6 9 3

* When the 3,4, and 5 month specimens were removed from the 6-month chamber and
when the 6,7, and 8 month specimens were removed from the 9 month chamber,- they
were replaced with an equal number of unaged specimens. Thus, the values shown for
these cases represent two different sets of specimens.

-14-
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Table 5 Number of 36 cm Specimens Removed at Each Test Condition
_

Single Conductor

Cham.1 3 3 6 6 6 6 6 6 9 9 9 9 9
hinath 1 3 3R 3F/3L'4/2 5/1 6 6R R 6/37/28/1 9 9R

CthicIync
13 rand Rex 8 6 4 5 7 10 3 7 4 5 7 10 3
Rockbestos 8 6 4 6 7 11 3 10 4 6 7 11 3
Raychem 8 6 4 6 7 10 3 7 4 6 7 10 3
Dekoron 8 6 3 5 6 8 3 10 3 5 6 8 3

Multiconductor

Cham. 2 3 3 6 6 6 6 6 6 9 9 9 9 9
hiunthi 3 3R 3F/3L*4/2 5/1 6 6R R 6/37/28/1 9 9R

Cable lype
13 rand Rex 1 2 1 1 1 1 1 2 1 1 1 1 1

Rockbestos 2 2 1 1 1 1 1 2 1 1 1 1 1
Raychem 0 0 0 0 0 0 0 0 0 0 0 0 0
Deknron 1 2 1 1 1 1 1 2 1 1 1 1 1

* See footnote to table 4.

c. hindulus nrofillne of selected comnlete cable soecimens. Modulus profiles were
acquired using an~ apparatus develol ed at Sandia~i
of the stress versus strain curve in the initial lin[9,10]. The modulus is the sloacear portion of the curve. T;te
mo;.dus profile gives information on the modulus of the sample across its cross
secuon. It also gives an indication of the uniformity of the aging process [9,10]. The
priniary purpose for using modulus profiling was to establish the uniformity of the -
agirg process, and therefore, this technique was used only oi. a few selected
sam )les.

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 smrounded with heat
shrinkable tubing to hold them in place. The samples were then encapsulated ir
epoxy, allowed to cure, and ~)olished prior to the modulus measurements. Figure 4
shows a diagram of a typical multiconductor cable prepared for testing. For cable
products su 1 plied as single conductors, modulus profile samples were prepared in a -
similar fas uon, but four single conductor samples were typically grouped in a

,

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

-15-
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would typ" start measurement" to the point labelled "end measurement." point
ically proceed across the centerline of two specimens from the

labelled The
measurements would be performed on the first cable's insulation, wrap (if used),
and jacket, and then measurements would be performed on the second cable's
jacket, wrap (if used), and insulation. For single conductors, a similar path through
two cable samples was followed.

Table 6 Intended IDCA Profile and IEEE 3231974 [1]
PWit/IlWR Combined Temperature Profile

intended Profile IEEE 323 Profile
1
J

Absolute I

Time Tem >erature Pressure Temperature
*C) (kPa) ("C)

/

0-10 s Ambient 138 101 339 57 138
10 s 5 min 138 171 339 5d4 138 171
5 min - 3 hr 171 584 171 -

3-5 hr 171-60 584 101 171-60
lleset time to O for the next portion of the tests

0- 10 s 60-133 101-339 60-138
10 s 5 min 138-171 ~.39 584 138 171
5 min - 3 hr 171 584 171
3 hr - 6 hr 160 584 160
6 hr - 10 hr 149 462 149
10 hr - 91 hr 121 206 121
91 hr - end * 121 206 93

1

* IEEE 3231974 implies that the test should be continued for 100 days for a combined
PWit/IlWR sirnulation. Our intended test profile was at a higher temperature and
lasted until 240 hr (10 days) after the beginning of the second transient,

d. Modulus tests usine Franklin Research Center's cable indenter developed undu
El'R1 funding [12,13?. This test measures penetration force of a blunt conical
probe as a function of penetration depth. The compressive modulus is defined as
AF/Ax, where Ax is the change in depth of penetration for a given change in force
AF. In all of our tests, AF was defined as 6.7 N (1.5 lb), beginning at 2.2 N (0.5 lb)
and ending at 8.9 N (2.0 lb). A key advantage of this indenter modulus
measurement is that it is a nondestructive test and therefore may be realistic for
use in the fiu.d.

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

! penetrates the material, the force increases as shown on the left part of the figure.
The force during retraction of the indenter, es shown on the right part of the figure,

| is substantially lower at the same displacement because of hysteresis in the
material.'

16-
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i

e. liardness testine of cable insulation and iacket materials. liardness is a measure of
the material's resistance to local penetra' tion 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. Bulk density of small samples. Samples for density measurement were on the order ,

of 5 mm) and were removed from 15 cm insulation and Jacket specimens that were
not used for tensile testing. Density profiling has demonstrated that density tends to
increase with aging [10,11], but similar to modulus, density may be sub ect to
gradients resulting urom oxygen diffusion effects. In this proj; ram, bulk dens,ty was
measured and the modulus profiling was used to give an mdication of the gradients
resulting from oxygen diffusion. Density profiling was not performed because it is
considerably more tedious than modulus profiling and tends to yleid complementary
information. The density measurements were
columns covering a range from 1.20 to 1.55 g/cm . performed in density gradient2

2.4.2 Monitudng of Test Environment

Nominall
chamber.y 18 type K thermocouples were positioned near the cables in each testAdditional thermocouples were positioned near the baskets of tensile and-
complete cable specimens. Two of the thermocouples in each chamber were connected
to a strip chart recorder during aging and other thermocouples were used for control of
the aging temperature as needed. All of the thermocouples were connected to a data
logger, which recorded the thermal aging temperature histories. The data logger was
interfaced to a computer for storage of data. A pressure transducer monitored chamber
pressure durin
during aging. g aging and a flow meter monitored the air flow delivered to the chamberA 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
5 minutes during long steady portions of the profile. Measurements during aging were
typically made at 1 hour intervals.

2.4.3 Cable Monitoring During Accident Simulations

Throughout the accident simulations, the cables were normally powred at a nominal
voltage of 110 Vdc with no current. Because many instrumentation circuits operate at

voltages below 110 Vde, during the second steam exposure at 171*C (340 F)during AT6,
of AT3, the

voltage was reduced to 45 Vdc for 1 hour as shown in Figure 6. Similarly,ing(all otherthe voltage was reduced to 45 Vdc for 20 hours as shown in Figure 7. Dur

LOCA testing,infj the circuits and apparatus shown in Figures 8-9.Ti'.- cond)uctor
the voltage was at the nominal 110 Vdc. Insulation resistance IR was

monitored us
numbers used in the figures are baset on the conductor numbers in Table 2, N C..own
in the figures, some individual conductors of some multiconductors were connected to
3round to help provide a ground plane. he irs were measured at intervals ranging

!Rs, even though they were not truly continuous. quently be referred to as continuous
rom 10 seconds to 5 minute ,. These irs will subse

irs were also measured at discrete
intervals using the Keithley electrometer apparatus that is discussed in A pendix A.
These will su sequently be referred to as the Keithley irs. The Keithle irs were
performed at nominal voltages of 50 V,100 V, and 250 V. The actual appl ed voltage .
during a given measurement can be approximated from Table A-1 in Appendix A. In

' - general, the actual applied voltace was not more than 10% below the nominal except for
cables with irs below 18 kn at 56 V,18 kn at 100 V, or 556 kn at 250 V.!.

-18-
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While the continuous lits are quite accurate down as low as about 100 n. a number of
factors limit the upper lit that can be measured with reasonable accuracy. The data
logger resolution and accuracy are important factors. Under the conditions during
testing, the llewlett Packard 3497A data loggers have an accuracy of about i4 V with a
resolution of 1 uV. This would give an apparent upper limit of about 25 Mo (for the
tested length) to maintain 10% accuracy m the measurement (or about i Mo 100 m).
Because the method of measurement relies on measuring a small voltage change on top
of a floating voltage of 110 V, further inaccuracy can result in the IR measurements as a
result of capacitive charging effects in the data logger circuitry, which are greatest when
the scan rate is fastest. In spite of these effects, the Keithley measurements show that in
most cases (particularly when the scan rate was slow), the continuous system effectively
measured irs that were somewhat higher than 1 Mo-100 m.

2.5 Emimamen121 Data

2.5.1 Thermal Exposure Data

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

2.5.2 Radiation Exposure Data

The radiation dose rates that the complete cable samples were exposed to are given in
Table 7. Similar data for the small cable samples and the tensile samples may be found
in Appendix B. As a result of test chamber rotations (the 6. and 9 month chambers were
rotated half way through the exposures), the radiation aging data in Appendix B include
two dose rates for some samples. The radiation exposure data includes shielding effects
caused by the large number of cables in the sample baskets. It should be noted that the
actual total doses were lower than the nominal desired values primarily because of
shielding effects and radiation gradients in the test chambers. The estimated uncertainty
in the radiation aging exposure data is i20%.

2.5.3 Accident Radiation Exposure

The accident radiation exposure followed the aging exposure. The dose rates to the
complete cable samples during the accident radiation exposures are given in Table 7,
along with the total mtegrated dose to the complete cables. Similar data for the small
cable samples and the tensile samples may be found in Appendix B. The estimated
uncertainty in the accident ex,osure data is 110%. The accident radiation exposure time
was 209 hours for AT3,193 lours for AT6, and 192.5 hours for AT9. Different times
were used for each exposure to account for radicadve source decay.

2.5.4 less-of Coolant Accident Simulation Environmental Data

The temperature and pressure arofiles during AT3 are shown in Figures 1011. The
temperature and pressure profiles during AT6 are shown in Figures 12-13. The
temperature and pressure profiles during AT9 are shown in Figures 14-15. As these
figures demonstrate, all of the accident test profiles were very similar. The temperatures
during the transients to 171*C are given in Table B-5 in Appendix B.
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Table 7 Exposure Data for Complete Cables
.

Conductors Aging Aging Accident Total
Dose Rate Dose Dose Rate Dose

hiin(Gy/hr) (kGy) (Gy/hr) hiin (kGy) hinxAvg hinx Avg Avg Avg

Cables Aged int 3 hionths

13 28 72 120 160 5000 1110 1190 1300 Ilrand Rex
12 14 34 78 130 170 5400 1210 1290 1400 Rockbestos
19 21 31 75 120 160 4600 1050 1130 1240 Pol set

27 53 77 130 170 5400 1210 1290 -1400 Ra chem
28 33 77 130 170 5400 1220 1300 1410 Ra ' chem

i

Cables Agedint 6 hinaths

13 25 62 110- 280 5200 1220 1280 1330 llrand Rex
12-14 27 64 110 290 5700 1330 1390 1430 Rockbestos
19 21 25 62 110 280 5100 1190 '1250 1300 Pol set

27 26 64 110 290 -5600 1310 1360 1410 Ra chem
28 27 64 110 290- 5700 1320 1380 1430 Ra chem

Cables Agnifor 2 hianths

1-3 20 68 120 450 4200 1250 1270 1300 11 rand Rex -
14 16 35 84 140 560 5700 1640- 1660 1690 Rockbestos - -

17 19 35 84 140 560 5600 -1630 1650 1670 Rockbestos
24 26 31 80 140 530 4700 1410 1430 1460 Polyset
27-29 29 77 130 520 4200 1310 1330 1360 Pol ' set

35 30 78 130 520 5200 1500 1520 1550 Ra chem
36 31 80 140 530 5400 1550 1560 1590 Ra chem
37 32 81 140 540 -5500. 1580 1600 1630 Ra chem

|
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1

3.0 C()NDITION MONIToltlNG TEST DATA AND 1(1:SULTS

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

~

exposure is coupled with data for the aging plus accident radiation exposures. The data
below 600 kGy is from the aging e$posures. The data above 600 kGy is from the aging
plus accident radiation exposures, mcluding, in many cases, data from unaged samples
that were exposed to accident radiation only. Unaged samples that were exposed to
accident radiation only give a data point at about 8(Xbl(XX) kGy.

3.1 Insuhilien Resistance During Mmg utid Accident Ihdiatium

insulation resistance measurements were performed prior to the combined thermal and
radiation aging; at one month intervals during aging; after aging, but before accident
radiation; and after accident radiation. Plots of the lit data during aging at 50 V,100 V,
and 250 V and of the Pi data during aging at 250 V are given in Appendix C. The plots
in Appendix C show the averages and one standard deviation range (shown as error bars
about each point) of the cables from the three test chambers. The standard deviation is
the directly calculated standard deviation of the data, not the standard deviation of the
mean. It should be recognized that standard deviations are of somewhat limited value
when only two or three samples exist, llowever, the standard deviation bands do give
somt idea of the tan'te of the measurements for different samples. The lit is calculated
on a 10(km basis, with only the length of the cable inside the test chamber considered in

-

the calculation. This is a very good assumption for measurements performed at the
aging temperature, since the cable inside the chamber dominates the measurement.
Ilowever, for ambient temperature measurements, the length of cable outside the
chamber may have a significant impact on the measurement. The discussion that follows
will focus on the measurements performed at the aging temperature. The lit plots in
Appendix C include the data from the ambient temperature merurements,

in the plots of Appendix C, data from the cables in the three different test chambers are
plotted together. Althougn the same amount of aging time in the different chambers
does not produce exactly the same conditions, the vanation is not significant for these
plots. The data generally show excellent agreement for cables that were aged in
different test chambers. The P1 that was used for the plots in Appendix C is the ratio of
the lit at 5 min to the lit at 30 s.

The lits of the Hrand itex cables (Figures Cl-C3) et he aging temperature were largely
constant throughout ,agine, but they did decrease slightly dunng the first four months of
aging and increase shghtli during the last five months of aging. The llockbestos Firewall
If t cables (Figures C4-C6) had lit decreases of 2 orders of magnitude at all voltage levels

~

during the first 3-4 months of aging. llowever, after 4 months, the lits began increasing
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again and recovered almost an order of magnitude over the last 6 months. The
behaviors of the llrand itex and llockbestos irs were somewhat similar, but the change
in lit of the flockbestos cable was much more significant. Tlie IR of the Polyset tables
(Figures C7 C9) increased by about a factor of two during the entire aging, while the IR
of the Polyset jacket (Figures C10-C12) was constant until about 7 months of aping,
where it began an order of magnitude decrease. The IR of the Raychem cables
(Figures Cl3 C15) at the aging temperature was essentially constant throughout aging.

The Pl of the Ilrand Rex cable (Figure C16) dropped from 1.8 to 1.2 during the first -
4 months of aging, but then increased back to about 1.5. The Pl of the Rockbestos cable
(Figure C17) had a trend very similar to that of the tirand Rex, with the PI decreasing (

The PI of the Polyset cable (Figure C18) increased slightly(y an increase back to 1.2.
*from 1.6 to 1.0 during the first 3 months of aging, followed b

from 1.8 to 2.0, but then
decreased slightly back to about 1 A The Polyset jacket Figure C19) had a fairly
constant PI of t06 durina the first 4 months of aging, but then began a consistent
decrease fu 1.0 at the em. of the 9 month exposure. Because of the high irs of the
Raychem cables, the Pts (Figure C20) were more difficult to measure and t icy had much
more variability than the Pts of other cables. Therefore, no clear trends could be
established.

The last part of Appendix C presents the results of some additional IR and PI
measurements that were not included in the figures of Appendix C. These include-
measurements of III and PI that were performed after accident radiation and P1
measurements that were performed at ambient temperature.

3.2 Capacilanur atul DiMjpation EnE101 During Aging

Capac4 mcc and dissipation factor were measured as described in Appendix A. The
measuiements were performed monthly on the cables in the 6 and 9 month test
chambers and covered a frequency range from about 0.311z 500 kilz. In this report, only
the data from the cables contained in the 9 month chamber will be presented in detail,
llawever, limited data from the 6 month chamber will be discussed as appropriate.
Figures 16 and 17 show sample capacitance and dissipation factor data plotted against
frequency; with months of agmg as a parameter. Only five selected monthly intervals are
plotted to prevent the plots from becoming unreadable, in Appendix D, plots of
capacitance and dissipation factor are given for each individual cond uctor versus amount
of aging, with frequency as a parameter. The five frequencies selected for the plots were
chosen .in the lower frequency range, where the greatest changes were typically observed
with aging (when notable changes did occur). Plots that are shown in tlus sectmn use the
averages of several tested conductors of the same cable type. ;

The capacitance of the lirand Rex conductors (Flaures D1 D3) had a slight increase
during the first 2 months of aging and was essential'y constant beyond that point. The
changes were not highly de pendent on frequency over a wide frequency range. The
baselme capacitance of the Brand Rex cables vaned by about 25% over the frequency
range tested. Figure 18 shows the average capacitance of all of the Brano Rex
conductors in the 6 month chamber. The data m Figure 18 compares very well with
Figures D1-D3. The capacitance of the Rockbestos conductors (Fi,ures D4 D9)t
increased by about 30% with aging over much of the frequency range tested. The
capacitance was also largely " independent of frequency at all ~ing times. As with the
Brand Rex cable, capacitance data from the cables in the 6-mon; chamber matched that
in Figures D4 D9 very well. The capacitance of the Dekoron Folyset conductors
(Figures D10 D15) did not change significantly with either aging or frequency. The

There was a slight dependence on freq(Figures D16 D18) had no change with aging.
capacitance of the Raychem conductors-

uency, with the capact ance decreasing at
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increased freauency. Data from the cables in the 6 month chamber gave results that
were very simdar to that from the 9-month chamber for both the Polyset and llaychem
cables.

The dissipation factor of the Ilrand Rex conductors (Figures D19 D21) dropped from
about 0.07 to 0.03 at 1.52117, with most of the change during the first 3 months of aging.
Dissipation factor data from the 6 month chamoer cables did not show as great a change,
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Figure 18 Average Capacitance of Brand Rex Conductors
During Aging in the 6-month Chamber

decreasing from 0.06 to 0.05 at 1.52 Hz during the first 3 months of aging. The 0.24 Hz
data for the 11 rand Rex cables was quite variable, with no consistent trend. Figure 19
shows the Brand Rex dissipation factor alotted against frequency from the conductors in
the 9-month chamber. Figure 20 gives t 1e same p ot from the conductors in the 6-month
enamber. A very significant dissipation factor increve is noted between the baseline and
3 month measurements at frequencies from 1100 kHz for the conductors from both the +

6- and 9 month chambers This change is in contrast to the decreases in dissipatier i
i

factor that occurred at lower frequencies. As shown in Figures 19 and 20, a sigmficant
part of the increase at frequencies between 1 and 100 kHz occurred during the first
month of aging.

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

3.3 E!ongation and Rmile Stterath Ihtring o_g.ing

Plots of T/To, tensile strength normalized to unaged values, and of e/eo, absolute
elongation relative to the unaged values, are shown in Appendix E. In the plots, tensile
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strength is defined as the force at break of the specimen divided by the original cross-
sectional area of the unaged specimen. Although the force ut break is also usually the
maximum force ap, plied to the specimen, such is not necessarily the case. Since the
unaged area of a given cable type is nominally a constant, Tfr reduces to the ratio of9
the force rec uired to break an aged specimen to the force required to break an unaged
specimen. Mus, the precte cross sectional area is only necessary to provide absolute
scaling for the plots. I or reference, the tensile strength of the unaged specimens is noted
on each plot. Similarly, the elongation at break of unaged specimens, co,is noted on the
e/co plots.

In Appendix E, all plots are shown versus total radiation dose. Where a tensile strength
is shown on the plots as 0%, this indicates that the sample broke before reaching 10%
elongation, and therefore, no tensile strength measurement was obtained. it should also
be recalled that the resolution af the clongation measurements was 10% absolute. Thus,
measurements at 0 20% elongation have somewhat more uncertainty than ,

incasurements of higher elongations. Note that unmeasurable clongation, especially of )
tla jacket material, does not imply that a cable is no longer functional, Results from )
accident iem ci the cables are discussed in Section 4.0. J

Figure E 1 shows that the elongt. tion of the Brand Rex insulation decreased to 20% ofits
imtial value after a total aging dose of 400 kGy. The accident radiation caused a further
decrease to below 10% of initial clongation. Interestingly, three unaged samples that
were exposed only to accident radiation broke at clongations below 10%. Fi'ure E 2kshows that tensile strength of the Brand Rex insulation increased by about 30/o with a
total agi,ng 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
accidem radiation only could not be obtamed because of the low clongation of those
specimens.

Figure E 3 shows that the elongation of the Brand Rex jacket decreased to 0% of its
initial value after a total aging dose of 200 kGy. Following accident radiation, all
samples exce1t those that had not been aged were down to 0% elongation. The sam)les
that receivec only accident radiation had their elongations fall to about 30% of 11eir

decreased to 10% gure E 4 shows that the tensile strength of the Brand Rex jacketinitial values. N
of its initial value after 200 kGy. Beyond that point, tensile strength

could not be measerad because the elongation was below 10E The only tensile stren gth

which showed almost no change as a result of the accident radiation exposure.ged cables,
that could be meastned afu.r the accident radiation exposure was for the una

Figure E-5 shows that the elongation of the Rockbestos insulation first increased by
about 10% of its initial value, then fell to 25% of its initial value after 400 kGy of aging
exposure. In all cases, no elongations were measurable after the accident irradiations.
The initial increase in elongation is probably a result of radiation causing additional

of the XLPO insulation. Tensile strength of the Rockbestos
curing (i.e., crosslinking)igure E 6, remained essentially constant throughout 'he aginginsulation, as shown in F
exposures. After the accident radiations, the tensile strength could not be measured,

Figure E-7 shows that the relative elongation of the Rockbestos neoprene jacket fell to
09o within the first 100 kGy of aging exposure. Because thermal aging is expected to
dominate the degradation of neoprene at our conditions [14], the data from Figure E-7
should not be used to make assessments of the generic radiation damage threshold of
neoprene. The tensile strength of neoprene, as shown in Figure E-8, also decreased with
aging exposure, but only a few valid data points could be obtained because the
e.ongation fell below 10% very quickly.
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Ficure E 9 shows that the clungation of the Dekoron insulation fi11 to 40% ofits original |value after 400 LGy of exposure. Tt.e accident radiation caused further decreases in
'

elongation, down to about 10% of the initial value when coupled with aging exposures.
'lhe tensile strength of the Dekoron insulation, shown in hgure H 10, had very little '

change with aging or accident radiation exposure.

Figure E-11 shows that the clongation of the Dekoron CSPli Jacket fell to 3% of its
(. imtial value after 400 LGy of agi u exposure. The accident ex

consistent decrease in clongation(m; each case tested. Figure E posure caused a further,12 shows that the tensile
strength of the Dekoron CSpH jacket decreased to 709b of its initial value by 400 kGy.

|
The final tensile strength measurement, at about 400 kGy, was somewhat variable, but
notably lower than the previous measurements. The accident radiation ex 30sure caused
mixed results. The unaged jadet and the jacket aged for 3 months had litt:e change with
accident radiation. The jacket aged for 6 months had a fairly significant decrease in
tensile strength after the accident radiation ex posure, 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.

IFigure E 13 shows that elonnation of the Itaychem insulation decreased to about 3% of
its initial value after 400 kdy of agmg exposure. After all accident irradiations, no ,

elongations were measurable. Tensde etrength of the Raychem insulation, as shown in
Figure E-14, first decreased to 85% of its initial value by 100 kGy of a
increased to 120% of its initial value by 400 kGy of aging exposure. ging exposure, thenAf ter the accident
radiations, the tensile strength could not be measmed because the elongation was below
109h

.,

In summary, clongation consistently decreases with aging (except for the early exposure ,

of the Rockbestos insulation). Based on the data in A,pendix h, Table 8 cives estimates
of the total dose (under our simultaneous aging contitions) to retention ~of 75%,50%,
25%, and 10% of mitial clongation of each insu ation and jacket material, except for the
Rockbestos ncoprene jacket. The neoprene is not included because, under the

; conditions of our test, thermal aging dommates the degradation. The data in Table 8

snd in Appendix E indicate that clongation 4 ge edly? dual elongation remains. When
a fairly sensitive measure of the

amount of aging up to the total dose where ven !.itle rei.
using the data m Appendix D or Table 8 to compare different cable materials, it is
important to note baseline clongation differences. For example, Rockbestos XLPE-
insulation at c/co = 0.25 corresponds to an clongation of 60%, while Raychem XLPEL

insulation at e/c = 0.25 corresponds to an elongation of 130%: +

o
,

Tensile strength showed some change with aging for the Urand Rex and Raychem
XLPOs, but almost no change for the Rockbestos and Dekoron materials. 'lensile
strength of the Rockbestm jacket showed a ra,id decrease, but only a few points could
be measured because the clongation quickly fe I below 10E The Brand Rex jacket had
a fairly consistent and significant decrease m tensile strength, while the Dekoron Jacket _ ,

had only a slight decrease in tensile strength.

3.4 Mnddm Dming Agiag lhing the EITJ Cable Indenter

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

, the baseline modulus,

! The indenter modulus of the Urand Rex insulation (Figure F-1), the Rockbestos
insulation (Figure F 3), the Dekoron insulation (Figure F-5), and the Raychem
insulation (hgure F-7) all had somewhat inconsistent behavior, although an increase of
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>erhaps 50% in modulus is posibly indicated. The Dekoron and llaychem insulations
and the more consistent behavior, especially the Raychem insulation after accident
radiations.

Table 8 Estimated Total Doses to itetention of Various Elengations
_

Mattijal go Iotal Dose (kGv) to e/en of '

75 % 50 % 25 % 10 %

4

Ilrand itex XLPE 320 % 80 140 300 "

Rockbestos .XLPl! 240 % 200 300 400 "

Dekoron XLPO 350 % 100 230 " "

Ilaychem XLPE 520 % 50 80 100 230
Brand Itex CSPliJacket 330 % 20 80 100 140
Dekoron CSPII Jacket 360 % 20 70 200 280

Total dose with simultaneous thermal aging at 9510(PC.'

These material never reached the indicated c/c during ingius."
o

.

Figure F 2 shows the indenter modulus of the Brand itex CSPE facket. This material
especially when the total tose exceeds 200 kGy.

shows a strong upward trend with aging'just about the point where the clongation fell toIt is interesting to note that 200 kGy is
near 0% The accident radiation exposures caused the indenter modulus to increase in
all cases.

Figure F-4 shows the indenter modulus for the Rockbestos unprene jacket. A strong
upward trend is evident, with the indenter modulus reaching 2000% of its original value
at about 400 kGy. Note that clongation measurements (see Figure E-7) showed no
change on this material beyond a total radiation dose of about 50 kGy (the material was-

, it should be recalled that at our simultaneous aging conditions,
below 10% elongation)is dominated by thermal aging rather than radiation aging. Thus,neoprene degradation
the trends during the aging portion of the exposure should be interpreted as applying
more to thermal aging, rather than radiation a ing. The accident radiation exposure
caused mixed results, with the modulus increasin for the materials that were unaged or
aged for 6 months and the modulus decreasing r 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
u1 ward but inconsistent. At about 400 kGy, a shari upward trend occurs. Note that the
e ongation was essentially at 0% by 400 kGy (see Tigure E ll), just where the indenter
modulus began its most significant changes. The accident radiation exposure caused
increases in mdenter modulus under all test conditions.

3.5 1lardnen Dndng Aging

Plots of hardness relative to the initial value (11/11o) are presented in the second part of
Appendix F as a function of total radiation dose. For reference, the baseline hardness,
llo, is shown on the plots.
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The hardness of the XLPO insulations are not presented because they were all too hard'

(Shore "A2" readings of 88 96) prior to aging to detect any significant changes with thei
.

tester we were using (Figure F 8) increased by 759b during aging), hardness of the
effective upper limit of our tester was about 92. liardness of theI

! Hrand Rex jacket ( i

Rockbestos jacket (Figure F 9 increased by 259b during a
Dekoron jacket (Figure F 10)in) creased by 15I96 during agmg.ging, and hardness of theIn each case, the upward
trends were quite consistent, it is important 'o note that some of the meast utents were
close to, or beyond, the effective up)er limit of the tester range. Readings a, ave 92 are (

not included on the plots. llence, a though the plots in Appendix F do not reDect it, the
hardness may continue to increase beyond what is shown on the plots. An attempt at
using a Shore "D2" durometer that could measure harder materials caused permanent
damage to a sample that was tested, and hence no additional testing was conducted. i

3.6 IMk DemsilylAldug Aging
,

Plots of density relative to the initial value (D
function of total radiation dose. For reference,/Do) are presented in Appendix G as athe baseline density, Do, is shown on the
plots. Note that small changes in density are readily detectable, so that a change of only
1-20b can be significant.

'

The density of Hrand Rex insulation (Figure G-1) had a consistent increase to 1.596
above the mitial value. The accident radiation generally increased the density slig~htly,
but after the 9 month aging exposure, the density decreased slightly as a result of the
accident radiation exposure. 'Ihe 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 aging 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 3.596 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 dens |ty gradient columns.

The density of Dekoron insulatian (Figure G 4) did not change consistently with either
aging a accident radiation exposures. Ilowever, the Dekoron CSFE iacket (Figure G 5)
had a very consistent trend with aging, increasing by 39b over the 400 kOy exposure, The
accident radiation exposure did not affect the density of the Dekoron jacket.

The density of Raychem insulation (Figure G 5) ap'3 eared to increase with aging, but the
trend was somewhat inconsistent. The effects o the accident radiation exposure on
density was mixed.

3.7 Mudulus Profiles Du. tina Agias

Plots of modulus profiles are presented in Appendix II. In most cases, only baseline
samples and sam ,les that were aged for 9 months are included. The figures indicate
which data i for t le 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

surfaces that were expose <.1 to air during aging. presents the intersection of the two
cable specimen. The center line of the plot re

A flat profile through a material is
generally expected for unaged samples A flat profile after aging (assummg a reasonable
change in modulus from baseline conditions) generally mdicates the absence of
significant oxygen diffusion effects.

Oxygen diffusion effects occur when aging reactions use oxygen in the material more
rapidly than it can be replenished through diffusion. In such cases, material further from
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the oxygcn snpply (i.e., the ambient air) participates less fully in reactions involving
oxygen, leading to non uniform aging. llecause aging generally increases the modulus of
the materials used in this study, diffusion effects normally result in larger modulus
increases at edges that have been exposed to oxygen. Oxygen diffusion effects generally,

increase with higher temperatures and with higher radiation dose rates. Also, when the

decreases, which can lead to diffusion ef fects only in t ie later stages of agm,h the material
modulus increases as t be material ages, oxygen 1ermeation throug i

g [15).

'lhe more that oxygen diffusion effects can be climinated in a test, the closer the test
simulates natural agmg conditions. 'lhus,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, it 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 11-1 through 11-4 show modulus profiles for the Ilrand llex cable. The baseline
modulus is flat and consistent for both the insulation and jacket materials. After
3 months of aging, the jacket profile is still Cat 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, ox pea
diffusion effects have not been completely eliminated for this cable. lly the end of a .ng,

3radient m the modulus, jacket increased by a factor of about 100,with a factor o 2 5the average modulus in the
l'he iacket surface ex >osed to the ambient conditions had ,

ligher modulus increases than the #acket materia: that was next to the insulation, as is'

generally expected when oxygen diff usion effects are present.

The lack of diffusion effects after 3 months of aging sugests that a significant factor
contributing to the diffusion effects later in aging is the cecrease in oxygen permention -

rate as the jacket hardens. The indenter modulus data suggests t hat significant
hardening of the jacket begins in the range of 200 kGy total dose. Thus,200 kGy is
where ditfusion effects might be expected to begin to appear. Ilecause the total aging
doses used in this study are significantly higher 11an those cmrently postulated for most
n,uclear power plant locations, diffusion effects that only occur later m aging may be less
sigmficant.

The small changes in modulus of the insulation make conclusions about possible
diffusion effects m the insulation difficult. Once diffusion effects become significant in
the jacket, however, they become much more probable in the insulatirn. Thus, some
oxygen depletion effects may have occurred in the llrand Rex insulation, particularly at
the higher aging doses.

Figures lic and 116 show modulus profiles for the Rockbestos cable. The baseline
modulus is reasonably Dat and consistent for both the insulation and lacket materials.
After 9 months of aging, the insulation modulus has only changed slightly. The jacket
modulus has increased dramatically, but the profile is stif| essentially flat. Thus, oxygen ,

'

diffusion effects appear to have been successfully eliminated for this cable. Ilowever,
recent experience with modulus profiles for heat aged neoprene has indicated that 1

diffusion profiles can appear during the earlier stages of aging, only to disappear when -
the jacket becomes extremely hard. The indenter modulus data suggests that significant
hardening of the jacket began 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 tne high values that had to be measured.
The average increase in jacket modulus was a factor of 770.

.
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Hecause the absolute value of the insulation modulus did not chan the
sensitivity of the modulus to diffusion effects in the insulation is limited.ge greatly,highWith the ;

hardness of the neoprene jacket later in aging, however, the 'reatl
permeation rate may have largely prevented oxygen from rea,,h | %y reduced oxygeninsulation. Thus,
at the higher aging doses, some oxygen depletion effects may . ave occurred in the
Rockbestos insulation. Such effects would not be expected during typical natural aging

,

conditions.

!Figures 11-7 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,lly flat. Thus,
the insulation

modulus has only changed slightly, with the profile still being essentia
within the limits of the sensitivity of this method, no oxygen diffusion effects are evident.
Note that because this cable has no Jacket, diffusion effects in the insulation are much
less likely than for jacketed cables.

Figures 119 through 1112 show modulus profiles for the Dekoron Polyset cable. Figures
1110 and 1111 show profiles for only Jacket materials. The baseline modulus is quite
flat for both the insulat:on and jacket materials. After 9 months of aging, the imulation
modulus has only char,ged shghtly and is still essentially flat. The jacket modulus
increased by a factor of 15, with greater changes at the inside edge
This it o i >osite from the effect that was observed for the Brand Rex (near the insulation).cable. Figures 1110
and 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 400 kGy. Note that the
indenter modulus data suggests that the jacket begins hardening significantly at about
400 kGy The lack of a flat profile through the material may be a result of oxygen
diffusion effects that appear later in aging when the jacket has hardened, reducing the

mygen permeation rate. Alternatively,in the jacket, which could cause the antioxidantit may be a result of other effects, such as animt ally nonuniform antioxidant profile
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
climinate oxygen diffusion effects was beyond the scope of this test program. Ilowever,
the reader is referred to Reference 16 for more detailed studies of this subject.

3.8 Comparison af Indenter biodulus, Moduhts Profiles, and Elongadan DMa

This section briefly considers correlation of data from the indenter testing, the modulus
profiles, and the elon gation testing. Table 9 presents a summary of the changes in
mdenter modulus anc average modulus from the modulus profiles. Except for the
modulus of the Dekoron insulation as measured by tl'e modulus profiles, the modulus
always increased. In general, XLPO insulation modulus increased by about 40% during
aging using either method, although some data variability is evident. The jackets all had
sigruficant 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
a) proximate sense with the elongation measurements, if the material behaves in an
e astic 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 clastic. Elastic modulus is given by the expression
E = Ao/Ac = (AF/A)/Ae, where E is the clastic modulus Ao is the difference in stress at
two different points on the linear portion of force elongation curve, Ac is the
corresponding change in strain, AF is the corresponding change in force, Ae is the
corresponding change in elongation, and A is the crosscectional area of the material.
Normally, one of the two points used to es%ulate the differences in the above expression
is a point prior to the application of force (no stress and no strain).
_

Table 9 Summary ofIndenter Modulus and Modulus Profile Data

Cable Average Modulus from Profile indenter
Baseline 9 Month Change- Modulus
(MPa) An Change !

Drand itex Insulation 330122 554151 1,68 1.4

Drand Rex Jacket 5.3910.36 6651351 123 15

Rockbestos Insulation 425138 522141 1.23 1.5

Rockbestos Jacket 9.2310.35 712011470 771 25~

Raychem Insulation 398152 6431121 1,62 1.4

Dekoron Insulation 88.9112.1 80.319.8 0.90 1.2

Dehron Jacket 14.510.7 224142 15.4 6

.

Figure 21 shows a case where the material behavior was quite linear during the
elongation test. Many materials exhibited plastic deformation by the time the first force
point was taken. Figure 22 shows an example of such behavior. From Figure 21, using

and 100% elongation points is 3.32 MP(0.015 in ), the modulus calculated using the 0%
2 2the cross sectional area of 0.097 cm

a. Using the 300% and 350% points, the modulus
is 5.85 MPa. 't hese values compare favorably with 5.39 MPa, the average value from the ;

modulus profile for this material.

3.9 .Yisal Examinations During Acine

Visual examinations of the complete cable specimens were performed during 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
Rockbestos cable product after six months or more of aging. After six months of aging,
circumfrential cracks about 0.5 cm (0.2 in) wide were noted in the neoprene jackets,
Some discoloration was also noted on most of the samples.

3.10 SUDDDmy of condition Monitating Measurements

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

Of the parameters tested, clongation at break tends to show the most consistenta.-

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 ag,ing. The major
exceptions were the Drand Rex and Rockbestos jacket materials, which both
had strong decreases in tensile strength.
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liardness increased by 15-75% with aging for the jacket materials. In a numberc.

of cases, the hardness was above the effective measuring range of our
instrument. This was the case for all of the XLPO insulation materials,

d. Modulus, which was measured with the EPRI/ Franklin cable indenter, showed
good correlation with aging for the jacket materials discussed in this paper, but
not for the XLPGs. The trend in indenter modulus was most evident at higher

j. aging doses.

| The modulus profiles did not indicate any significant oxygen diffusion effectse.
for the aging conditions used la nese tests. The Brand Rex and possibly thei

'

Dekoron product did experience some diffusion effects, but evidence indicated
that the effects would not likely be significant for many applications. For the
acket materials, the absolute value of the modulus had large changes from the,

3aseline samples to the samples that were aged for 9 months,

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

3.5%.y is a good indicator of aging for several materials, increasing bv up toDensitg.
The density of the Brand Rex CSPE jacket first increaseJ, then

decreased at higher total doses. Density of the Dekoron Polyset insult tion did
not change in any significant way during aging,

h. Insulation resistance, polarization index, capacitance, and dissipation factor
changes with aging were observed for some materials, but they were not nearly
as sensitive to agmg as the mechonical measurements.

.
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Figure 21 Force Versus Elongation for Unaged Brand Rex Jacket '
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Figure 22 Force Versus Elongation for Unaged Raychem Insulation
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4.0 ACCIDENT EXPOSURE INSULATION RESISTANCE DATA

This section discusses the performance of the cables during exposure to the accident
simulations. In addition to environmental monitoring during the tests, on-line insulation
resistance measurements were made as discussed m Section 2.4.3. The IR data as a
function of time for each conductor of each cable is shown in Appendix I.- For clarity 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 Failures During the ^,;cident Exposure

While no conductors failed during the aging or accident radiation exp9sures, one XLPO
conductor, Rockbestos Firewall III conductor #15 in the 9 month chamber, did
experience failure sufficient to cause the opening of a 1 A fuse during the accident steam
exposures. Conductor #15 was one conductor of a three conductor cable. Figure 23
shows the details of the failure. A sudden IR decrease of almost two orders of
magnitude occurred just before 83 hours into the test. Fuuher IR degradation occurred ,

over the next hour of the test. At that point, the fuse on the monitormg circuit opened. |
One other conductor of the same three conductor cable was continuously monitored I

during the accident exposure. This condumr did not experience a failure, but Figure
I 16 tends to indicate the beginning of a grsdual IR degradation at the end of the test.
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Figure 23 IR of Rockbestos Conductor #15 Prior to Failure

After completion of the post-LOCA dielectric withstand testing (see Section 5.0), the
cables were removed from the mandrel for inspection. The failure point of the
Rockbestos conductor was identified using a bucket of water and an ohmmeter. One
lead of the ohmmeter was connected to the metal bucket and the other end was
connected to the defective conductor. By carefully placing different parts of the cable
into the water, the failure point was readily identified. The 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 ilde of the coil of wire. There was no ' indication that the failure was
caused by inadvi., 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 -
-(this latter type of degradation will be described ir. Volume 2 of this report .for some
EPR cable products). .Because this conductor had been subjected to post-LOCA
dielectric withstand testing, the failure point was somewhat enlarged and additional
failure analysis was not pursued.

4.2 Insulation Resistance Versus Amount nf AgiBE

Figure 24 shows the average irs during the LOCA tests for Brand Rex multiconductori

! cables aged to the three different lifetimes, Each point on the plots is based on the -
conductors that were energized. Similar data for the Rockbestos Firewall III and the
Dekorad Polyset are shown in Figures 25 and 26, respectively. Data for the Raychem
single conductors are not shown because the IR was very high m all cases. The IR of the
Brand Rex cables improved by up to almost an order of magnitude with aging, while the
IR of the Rockbestos cables decreased by up to an order of magnitude with aging. The
major difference in the IR of the Rockbestos cables occurred between the cables that
were 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 months. .The Dekoron Polyset
cables behaved very much like the Rockbestos cables.
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Figure 24 IR of Brand Rex Cables During Accident Exposures
for Different Aging Treatments

_.

4.3 - Insulation Resistance Y3nus Applied Voltage
'

During several of the long steady-state portions of the test, IR measurements using the
were performed at 50,100, and 250 V. These

Keithley electrometer (see Appendix A)istance depends on applied voltage. Table 10measurements show how insulation res
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shows some data that may be used to perform this comparison,' The values in the table-
.are averages of the number of samples shown. When a given conductor had a
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Table 10 Insulation Resistance Versus Applied Voltage During LOCA

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

( C) Samples * (Mo-100 m) (Mo 100 m) (Mo li m)
i

Rock. FW 111 171 (A'I3) 3 0.10 0.16---

121 (AT9) 5 1.4 1.3 1.3

! Brand Rex 171 (AT3) 3 1.2 0.15---

L 121 (AT9) 3 57 58 59

Polyset 171 AT3 3 1.5 1.4-

121 AF) 5 0.58 0.56 0.56

Raychem 171 AT3 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 we 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 a) ply if the
cables are close to failure. The only case in Table 10 that shows a significant c ecrease 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 I.

4.4 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 AT6. The IR of the Dekoron Polyset cables was much less
consistent in this regard than the other cable products. Appendix I contains additional
cable IR plots that can be compared to the temperature plots in Figures 10,12, and 14.

4.5 Cable Behavior During Transients

Most of the XLPO cables behaved in a fairly consistent fashion during the transient
iport ons of the test. In several instances, however, the IR fell below the eventual stead,y

state value at the peak temperature before recovering to the steady state value. - This
section will focus on those conductors that showed such t.ehavior. Although not as-
detailed as the plots in this section, the plots in Appendix 1 show the IR of each cable
throughout each test.
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Figure 27 Average IR Behavior with Temperature for Brand Rex Cables (AT6)
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Figure 28 Average IR Behavior with Temperature for Rockbestos Cables (AT6)

As shown in Figure 29, the Brand Rex cables in AT3 had a slight thermal lag during the
first transient of AT3, followed by an IR dip, somewhat of a recovery, and then a
decrease over a longer term. Similar behavior was noted in AT6 and AT9. During the
second transients, the amount that the IR fell below the eventual steady state value was
generally less, probably because of the higher initial temperature for the second
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transients, A sample IR plot during the first transient of AT3 for one of the Rockbestos
conductors is shown in Figure 30, and a sample IR plot during the first transient of A'I9
for one of the Polyset conductors is shown in Figure 31. The Raychem single conductor
cable irs remained above the range that could be effectively measured by our
continuous measurement system. ,

During the second transient of AT9, the IR of the two monitored conductors of one of-
the Rockbestos cabic fell below the eventual steady state value, recovered to a value
above the steady state, and then settled to the steady state value. The behavior of one of
these two conductors is shown in Figure 32. One of the conductors of this cable was the
only Rockbestos conductor to fail during any of the accident tests.

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

Current cable qualification is typically based on IR data that is taken at discrete time -
1eriods ' The data may include only one measurement on each conductor at each of the
ligh 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 ofIR 12ata for Cables item Different Manufacturers

Table 11 compares the irs of different XLPO cableproducts. 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-
aroducts during the same LOCA conditions, particularly when the single conductor
Raychem is compared to the multiconductor cables. The data for the different
multiconductors generally fall within an order of magnitude of each other. EPR testing-
reported in Volume 1 of this report compares IR data of multiconductors with the IR of
single conductors removed from the multiconductors. Although the single conductors

'

had u a to a factor of six higher irs for two cable types, a third cable type exhibited
virtua:ly 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
ground return through the other conductors, but these other conductors are also
msulated and there may also be an insulated oath through the jacket to the grounded test
mandrel. Thus,it is not clear what the net effect of ground return paths should be on the
differences in irs of single and multiconductors. However, 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 (Mn-100 m) of XLPO Cables Tested

Condition Brand Rex Rockbestos Polyset Raychem *
Multi Multi Multi ' Single

AT3-Ist 171*C 0.089 0.10 13 150
AT3-2nd 171 C 0.16 031 1.1 240

AT6--1st 171 C 0.073 0.034 035 66
AT6-2nd 171*C 034 0.064 0.14 37

AT9-1st 171 C 0.20 0.041 0.19 30
AT9--2nd 171*C 0.73 0.048 0.11 15

-
.

* Data for this cable from the 100 V Keithley measurements

:
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5.0 POST-ACCIDENT MEASUREMENTS

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

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

b. Cables aged for 6 months were tested after the LOCA exposure. The cables
were not disturbed prior to the dielectric test. These cables were then
submergence tested in a chemical solution, with IEEE 383-1974 (2) mandrel
bends and additional dielectric tests following the submergence test.
Reference [7] contains details of the submergence test and the additional
dielectric tests.

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

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

5.1 Visual Lxaminations

.All of the cable jackets were discolored to some extent by the accident exposures. The
jackets on the Rockbestos Firewall 111 cables were moderately to severely camaged after
all three accident tests (AT3, AT6, and AT9). The cracking was both longitudinal and
circumfrential in both tests.

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

5.2 Dielectric Withstand Tests With Cables un Ies1 Mandtch

The dielectric tests discussed in this section were performed with the cables still on the
test mandrels, without disturbing them in any way. The dielectric tester was set for an
automatic voltage rise of 500 Vac/s to the desired peak voltage, a hold at the peak
voltage for 5 minutes, and finally a return to 0 voltage at -500 Vac/s. In cases where the
leakage current was increasmg significantly, the applied voltage usually decreased in
response. In the automatic mode of our dielectric tester, there is no provision for
readjusting the voltage back to the desired peak. The discussions below indicate where
the voltage varied significantly during the 5-minute hold period. The dielectric testing
described in this section was performed with the cables submerged in tap water after a
soak period of at least I hour.

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

,

1
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Table 12 Maximum Leakage / Charging Currer.t (mA) in Dielectric Tests
("-- denotes No Sample)

.

Cable Desired 3 month 6-month 9-month
'

Type Voltage Post- Post- Post-
(kV) LOCA LOCA LOCA

Multiconductors

Brand Rex 2.4 3.9 (2.4)* 3.4 3.4. .

Brand Rex 2.4 3.9 3.4 2.3. . .

Brand Rex 2.4 4.0 3.4 2.4. . .

Rockbestos 2.4 3.6 3.5 3.3.

Rockbestos 2.4 3.7 3.4 Fail ). .

Rockbestos 2.4 4.0 . 3.4 4.1. .

Rockbestos 2.4 4.2-- --
.

Rockbestos 2.4 4.3 -!-- --
.

Rockbestos 2.4 4.0 -!-- --

Polyset 2.4 6.4 5.2 . 5.5. .

Polyset 2.4 6.3 5.2 5.3. . .

Polyset 2.4 6.4 5.3 5.2. . .

Polyset 2.4 4.8 .- --

Polyset 2.4 4.8- --
.

Polyset 2.4 4.8-- --

- - - .
,

Single Conductors

Ra chem 2.4 1.6 (2.5) 1.6 (2.4) 1.52.7)
-

Ra chem 2.4 1.6 (2.5) 1.6 (2.4) 1.72.7}1.6 2.?;Ra * chem 2.4 - -- -

,

__

Jackets

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

or peak voltage for cables that failed (see additional informat,(on in text).* Numbers in parenthesis denote average sustained voltage kV) for cables that passedi

,
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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, De discussion below gives details of
those failures that did not occur immediately. For cables with a

dielectric tester. In Table 12, pplied to the specimen, using the 0 peak value of 0, noreadable voltage could be a 10 kV scale on the
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. '

1

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 Polyset cables also passed the post LOCA dielectric withstand tests. The shields of

1

the Polyset cables passed the dielectric withstand tests after AT3 and AT6, but failed H

after A F9 (two samples). The Rockbestos Firewall III conductors passed all of the
dielectric tests followmg the LOCA tests, with the exception of one conductor failing
(out of six tested) after Kr9. This conductor took a peak voltage of about 1500 Vac, but '
the test lasted only about 5 seconds.

5.3 Mandrel Bends and Dielectric Tests af Ctbks Aged int 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 cable) were not included in these tests. The
results of the mandrel bend and high potential tests are summarized in Table 13. To
verify that no damage had been done during removal of the cables from the aging
mandrel, all of the conductors were subjected to an 80 Vac/ mil high potential for
1 minute after a minimum of I 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
5 minute high potential test at 80 Vac/ mil in accordance with IEEE 383-197.4 (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 exammation, one
crack was found in each of the conductors. All three cracks were within about 5 cm
(2 in) of each other near the location where the cable had begun wrapping on the aging -
mandrel, but in an area where the cable had not been wrapped on the agmg mandrei. It
is very possible that this local area of the cable was closer to the wall heater than the rest
of the cable, and thus, it may have been exposed to (unknown) higher temperatures (and -
more thermal aging). The section with the cracks was removed and the cable passed a
retest with the s1orter length.

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

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

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

Cable Bend mandrei diameter / Test Maximum Test . Test
Type Cable diameter Voltage Current Time Length

(kV) (mA) (min) (m)
.

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

39 2.6 1.0 5 4.4 1

31 2.5 0.9 1 4.4
17 2.5 1.0 1 4.4 -

9.9 2.5 1.0 1 4.4 L

5.2 2.5 1.1 ~1 4.4
Step breakdown test 13.0 6.2 See text 4.4

Brand Rex-2 Off aging mandrel-no bend 2.6 0.9 1 4.4
39 2.6 0.9 5 4.4
31 2.5 0.9 1 4.4
17 2.5 1.0 1 4.4 ,

9.9 2.6 1,0 1 4.4
5.2 2.5 1.1 1~ 4.4

Step breakdown test 14.0 6.6 See text 4.4

Brand Rex-3 Cff aging mandrel-no bend 2.6 0.9 1 4.4
39 2.5 1.0 5 4.4
31 2.5- 0.9 1 4.4
17 2.5 1.0 1 4.4
9.9 2.5 1.0 - 1 4,4

5.2 2.5 1.1- -1 . 4.4
Step breakdown test 14.0 6.8 See text 4.4

Rockbestos-17 Off aging mandrel-no bend 2.5 . 2.0 1 5.9
40 2.6 2.2 5 5.9
32 2.4 1.9 1 5.9 -

18 2.6 2.0 1 5.9
11 2.5 2.1 - 1 5.9
5.4 2.5 - 2.3 1 5.9

2.6-Cracked 5.9
,

' -- --

Rockbestos 18 Off aging mandrel-no bend 2.4 - 2.0 1 5.9

| 40 2.6 2.3 5 5.9
32 2.4 l'.9 1 5.9

| 18 2.6 2.2 1 5.9
L

11 2.5 2.2 1 5.9
5.4 2.5 2.4 1 5.9

2.6--Cracked . 5.9- - ---

|
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Table 13 Mandrel Bends and Dielectric Tests After AT9 (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 5.9
32 2.5 1.9 1 5.9
18 2.5 2.0 - 1 0.9
11 2.5 2.1- 1 5.9

5.4 2.2 2.3 1 5.9
2.6--Cracked 2.9-- --

Polyset 24 Off aging mandrel-no bend 2.5 1.7 1 6.0
41--Cracked Fail 6.0--

Damaged section removed.
32 2.5 1.5 1 4.9
18 2.6 1.5 1 4.9

10--Cracked 4.9-- --

. - - .

Polyset-25 Off aging mandrel-no bend 2.0 1.7 1 6.0
41--Cracked 6.0 --- --

Damaged section removed
32 2.5 1.5 1 4.9
18 2.6 1 4.9 -

"

10 2.5 1.5 1 4.9
5.5 2.5 1.6 1 4.9
5.5 2.5 1.5 2 4.9

2.7--Cracked -4.9-- --

Polyset-26 Off aging mandrel-no bend 2.6 1.8 1 6.0
'

41--Cracked Fail 6.0--

Damaged section removed
32 2.5 15 1 4.9
18 - 2.6 1.5 1 4.9
10 2.5 - 1.5 1 4.9 -

5.5 - 2.5 1.6 1 4.9
2.7 2.4 1.5 - 2 4.9

Step breakdown test - 21.0. 12.5 See text

Polyset-27 ' Off aging mandrel-no bend 2.6 1.8 1 6.2
41 2.6 1.8 5 6.2
32 2.5 1.8 1 6.2
18 2.5 1.8 1 6.2

'

10 2.5 1.5 1- 6.2
5.5--Cracked Fail 6.2.--

-51-



.

Table 13 Mimdrel Bends and Dielectric Tests After i T9 (cont) -

Cable Bend rnandrel 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 12.8 See text 5.2

!

Polyset-28 Off aging mandrel no bend 2.6 1.8 - 1 6.2
41 2.6 1.8 5 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 msndrel-no bend 2.6 1.8- 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
5.5 2.6 2.0 1 6.2 -

Step breakdown test 19.0 14.5 See text 6.2 .

Raychem-35 Off aging mandrel-no bend 2.5 0.9 1 4.1 -

41 2.5 0.9 5 4.1
24 2.5 0.8 1 4.1
11 2.5 0.8 1 4.1
5.3 2.5 0.8 1 4.1
2.6 2.5 0.7 1 4.1-

4.11.3--Cracked - --

Raychem-36 Off aging mandrel-no bend 2.5 0.8 1 4.0
41 2.6 0.9 5 4.0
24 2.5 0.8 1 4.0 -
11 2.5 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 21.1 7.2 See text 4.0

Raychem 37 Off aging mandrel-no bend 2.5 0.8 1 4.0 1
41 2.5 0.8 - 5 4.0 -

24 2.5 0.8 1 4.0
11 2.5 0.8 1 4.0
5.3 2.4 0.8 1 4.0
2.6 2.4 0.7 1 4.0 -

1.3--Cracked 4.0 --- --
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the test mandrel during aging and accident exposures. The failure (crack) was in an area
where a small amount of acket still remained on the cable. He brittleness of the jacketJ
may have caused some damage during the 10xD bend.

,

The next mandrel was a 5xD nominal diameter mandrel, followed by an 80 Vac/ mil
- witnstand test. Dekoron Polyset conductors #27 and 28 were the only two conductors to

'fail during this test. The insulations on both of these conductors were observed to be
cracked prior to the dielectric test, and both failures were located near where the cable

!_ had begun wrapping around the aging mandrel. These two conductors failed in locations
I similar to those of the three conductors (#24 26) of the Dekoron Polyset cable that

failed after the 40xD mandrel bend. Again, the area of failures may have been closer to
the wall heaters and hence exposed to a higher temperature than the cable on the
mandrel, causing additional thermal aging.

At this point, to provide additional insights on the behavior of both electrical and
mechamcal properties of the cables in the aost LOCA state, different tests were
performed on different cables. Thus, each of the remaining cables will be described
mdividually.

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

The Rockbestos cable (conductors #17-19) was subjected to a 2.6xD mandrel bend.
After this bend, cracking through to all conductors was evident. Thus, this cable _was not
tested further. '

The first Dekoron Polyset cable (conductors #24-26) was subjected to a 2.7xD mandrel
bend and a 1 minute dielectric test at 80 Vac/ mil. Conductor #25 cracked during the
bend, but conductor #26 aassed the dielectric test after the bend (conductor #24 had
3reviously failed during ae 10xD test). Conductor #26 was then subjected to a step
3reakdown 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 leakah0000 Vac to be applied for 5 seconds with a leakage current of 20 mA. After
e current before tripping was 12.5 mA. A retest of the cable allowed a

voltage of
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 steg 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 a result of the handling,
another through-wall crack was noted in the insulation of conductor #28 and this-
conductor was not tested further. Conductor #27 (now shorter) was exposed to the step
voltage breakdown test and broke down at 20000 Vac after 8 seconds. The leakage =
current just before breakdown was 12.8 mA.

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

5.4 Post-Accident Elongation Tests of Cables Aged int 2 Months

Following completion of the mandrel bends and dielectric tests described in Section 5.2,
the insulation of each cable product was subjected to elongation testing. Test samples
wne cut from near the middle of the cables and the co)per conductors were removed.
The samples were then tested using an Instron Model 1000 tester. Table 14 gives the
resuhs of the elongation testing, along with the baseline tensile strength and elongation
values. The following compares the approximate absolute elongation at the end of the
accident radiation exposure (before AIN) with the epproximate absolute elongation of i

each insulation material after AT9:

Cable Type Before AT9 After AT9

Brand Rex 10 % 40 %
Rockbestos < 10% 20 %

Dekoron Polyset 40 % 30 %
Raychem < 10% 50 %

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

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

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

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

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

Table 14 Tensile Strength and Elongation After AT9

Cable Conductor Elongation Peak Tensile
Type Number at Break Force Strength

(%) (N) (MPa)

Brand Rex 1 30 89.0 9.4
eo = 320 2 50 94.3 9.9
To = 11.8 3 40 95.6 10.1

Rockbestos 14 20 94.7 9.5
e = 240 14 20 92.1 9.2o

To = 12.4 15 30 101.4 10.1
15 10 93.4 9.3
16 10 104.1 10.4
16 10 98.7 9.9
16 20 96.1 9.6
16 10 96.1 9.6

Polyset 27 20 92.5 8.8
e = 350 27 30 110.8 10.5o

To = 12.9 28 20 106.3 10.1
29 30 120.1 11.4
29 40 l'25.4 11.9

Raychem 35 60 232.6 14.7
e = 520 35 60 230.0 14.6o

To = 14.6 35 70 236.2 14.9
35 60 222.0 14.0
36 20 212.2 13.4
36 20 211.3 13.4
36 40 225.5 14.3
36 50 226.4 14.3
36 40 223.3 14.1
?6 50 229.5 14.5
N 50 227.7 14.4

_
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6.0 CONCLUSIONS

This conclusions section is divided into three 3 arts. First, general conclusions re garding
aging and condition momtoring are presentec. Next, general conclusions regarimg the
accident behavior of aged cables are presented. Finally, a summary of conciusions that
address each of the objectives of this study is presente<l.

6.1 Aging and Condition Moritorine

Of the condition momtoring parameters tested, elongation at break tends toa.
show the most correlation with amount of aging for the most cable types.

b. 11ardness and indenter modulus both increased with aging of jacket
materials, but they did not change consistently for tb.: XLx0 iniulation
materials. Indenter modulus measuremems were clearly more sensitive than

,

hardness measurements.

Density increased with aging for most of the insulation and jacket materials.c.
However, no consistent change was noted for one material and the density of
another material initially increased, but later began decrc asing.

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

The modulus profiles did not indicate any significant oxygen diffusion effectsc.
for the aging conditions used in these tests. The Brand Rex and puaibly the
Dekoron product did experience some diffusion effects, but evidence
indicated that the effects would not likely be significant for many

er limits of test parameters (dose rate and
applications. Defining the up)iminate oxygen diffus:on effects was beyondtemperature) that reasonably e
the scope of this test program.

6.2 Accident Performance af Aged Cables

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

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

The maximum difference in the accident IR performance of a given cablec.
type aged to the three different lifetimes was about an order of magnitude.
In one case, the accident IR was higher for more highly aged cables, and in
three cases, the IR was lower. The significance of this order of magnitude
change would be application dependent, but it is expected to be negligible for
many applications,

d. The accident IR performance of cer XLPO cables aged to three different
lifetimes under simultaneous, slow Iate aging was comparable to the accident
performance of aged XLPO cables in industry tests that used high rate
sequential aging to nominally more severe conditions (total dose and thermal
equivalent hTetime).
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c. The three multiconductor cable products tested had accident irs that were
within an order of magnitude of each other. The single conductor cable-
product tested had irs that were 2-3 orders of magnitude higher than the
multiconductors. Part of the difference between single and multiconductors-
may reflect differences in ground plane effectiveness, but a significant
portion of the difference is expected to be a result of actual differences in the
cable materials.

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

during both aging and accident testing (as long as the cable was not close to
failure),

i

|- g. During accident testing, the IR of the XLPO cables consistently varied
'.

inversely 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 'vould have been sufficient to-indicate cable
performance. The effects of these transient IR variations would be circuit
s yecific 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 test, all
conductors successfully passed high voltage tests at an applied voltage of
80 Vac/ 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.

j. Following the accident exposure, dielectric withstand voltages of XLPO-
cables were on the order of 13-21 kVac. Mechanical damage (cracking) was
generally necessary to cause breakdown voltages to occur at voltages below
80 Vac/ mil of insulation. Such cracking during mandrel bend-tests
frequently required mandrel bends much more severe than that specified in
IEEE 383-1974 [21

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

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

m. Although the IEEE 383-1974 [2] mandrel bend requirement is quite severe,
L most of the XLPO materials tested to our conditions survived mandrel bends

significantly more severe than the IEEE 383 requirement (using successively
tighter mandrel bends until failure occurred).

6.3 Summary of ConclusionsE

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

-57-



_-

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

Conclusion: The test results indicate that most properly installed XLPO cabies should

be able to survive an accident after 60 years for total aging doses up"C
to

400 kGy and for moderate ambient temperatures on the order of 50-55
(potentially higher or lower, depending on material specific activation
energies).

Objective: To determir.e the potential of condition monitoring (CM) for residuallife
assesuent.

Conclusion: Of fue measurements tested, elongation is the best condition monitoring
method. Although a quantitative generic acceptance criterion is difficult
to establish based on these tests, a reasonable range ghat is likely to be
fairly conservative) would be about 50100% absolute elongation
remaining. Compressive modulus and density could also be somewhat
effective for momtoring residual life, although acceptance criteria would
be much more difficult to establish for these measurements because
extensive testing has not been performed to demonstrate that modulus
and density respond consistently for varied test conditions. The electrical
measuremer's were not effectife for monitoring residuallife.

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

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

Objective: To assess the conservatism associated with the IEEE 383-1974 {2] posi-
accident mandrel bend and high pott.ntial testing.

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

Objective: To assess what additional qualification requirements might be needed as

I
Conclusion:

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

cables age beyond their current nominal 40-year qualified life.

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

-58-



-

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

i d.en expuxd tr the environments defined in this test.
excent en)It does nut prm, or disprove the adequacy of currentprogram.
qua.ification practices and requirements.

|
|

.

|

|

|
,
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A.1 IIACKGROUND

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 mhages: 50,100, and 250 V. leakage current (or IR) data were taken
at discrete timt from 2 seconds to I minute for 50 and 100 V measurements and from
2 seconds to 5 minutes for 250 V measurements. IR gives a measure of the resistive
component of the dielectric impedance. It is typically used in industry as a go/no-go test |

| of insulation. However, no technical basis is available :s set an acceptance criteria . i

related to age-related degradation [A-1. Rather, the test is usually used to assist
detection of locally damaged cable (e.g. )msulation windings that are wet or a gouged
cable that is "sufficiently close" to the ground plane in the test).

Some common criticisms of IR measurements are that they are subject to uncontrollable ' '

temperature and humidity effects along the cable. Ilecause they are dimensionless
quantities, polarization indices are sometimes used to determine the condition of an
insulation structure. Reference [ A-2] indicates that polarization index is independent of
temperature, llowever, the data presented in Appendix C and discussed in Section 3.0
indicates that the PI was dependent on temperature in our tests.

A polarization index lower than normal sug 'ests excessive surface leakage or
deteriorated insulation [ A-3, A-4]. Ilil!!! 62-197b |A-4] 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 I minute to 30 seconds was used; at 250 V, a polarization index ratio of
5 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 cherge/ voltage characteristics at the given frequency, and the phase angle
6 between the rol and imaginary components gives an indication of the ~ dielectric losses
as a function of frequency. The tangent of the phase angle 6 is commonly referred to as

the dissi)ation factor (DP) and is often measured only(at a single frequency. Dissipationfactor a.so gives an indication of the power factor PF) since the two are related e
2PF= DF/(1 + DF ). If 6 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 Ilridge. Typically in bridge techniques, a sinusoidal voltage is applied
to a bridge containing the uninown sample as one leg. Other reference legs are adjusted
until bridge balance is obtained. The unknown capacitance and resistance at the discrete

- frequency can then be calculated based on the reference values.
*

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

A-1
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measurements made by two independent techniques. As with IR, the transfer function in'

our tests was evaluated between each conductor and ground with all other conductors
connected to ground.

A.2 INSULATION RESISTANCE

The test apparatus for measuring IR is shown in Figure A-1. An llP Model 216
computer was used to control the data acquisition. A Keithley electrometer wa.s used to
measure the voltage across a dropping resistor. The output of the Keithley was then fed,
either directly or via the llP 3497A data logger, to the computer for storage on disc. In
addition to data acquisition and storage, the computer also directed the data logger to
automatically select the proper voltage level using the 0-250 Vdc power supply and to
select the proper dropping resistor using a set of computer-controlled relays.
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Figure A-1 Circuitry to Measure Insulation Resistance

A.2.1 Opnational Dncriplian

A give,n, measurement involved the following steps, all performed automatically by the
acquistiton system:

Close the relay connected to the 2 Ma resistor,a.
b. Raise the power supply voltage to desired level (50,100, or 250 V).

Perform 3 measurements of the voltage across the 2 Ma resistor during the firstc. ,
i7 seconds (to assure stability).

d. Change the range of the instrument if necessary by closing the relay connected to
the desired measuring resistor and then opem,ng the relay connected to the .

'

previous measuring resistor.

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

f. Repeat sten d),
g. Measure tne 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 procedure 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:

If the measured voltage across the dropping resistor is greater than 5 V, then selecta.
the next smaller dropping resistor,

b. If the measured volta,ge 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 ko 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 voltag
be lower than the nominal. Because of the method of choosm,e applied to the cable willg tae drop)ing resistors
on-line, the actual voltage is almost always within 10% of nominal except w.ien the cable
IR falls below 18 ko at 50 V,18 ko at 100 V, or 556 ko at 250 V. Based on sim ale voltage
divider calculations, Table A-1 shows the approximate applied voltage on tle samp e,
given the sample IR in ko and the nominal applied voltage. Because the irs in this
paper are given on a 100-m basis, the irs must be converted back to raw data before
usmg Table A-1. This conversi- is done by multiplying the IR in 0-100 m by 100 and
dividing by the actual cable leng b in meters), which is given in Table 2.s

A.2.2 Imnlementation 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 h,igh im)edances. .For-
illustrative purposes, assume that the IR to be measured is 10 o at LOO V using the
60 Ma droppmg resistor. This value was exceeded by some cables in our test, even at
elevated temperatures. A typical relay has an isolation resistance of 10'o between open
contacts and bety:een open contacts and the coil.

Based on the above,, Figure A-2 is a circuit model that includes the inaut impedance of -
the Keithley (5x101 n), 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. IIowever, our experience has shown that this additional
isolation is not significantly higher than 108 c. The effect of lack of isolation on the
measurement is severe. We now have a parallel path to ground going in a reverse
direction through the unused dropping resistors. 'Inis parallel path amounts to about

73.3x10 0, and the measured IR is then the parallel combination of the specimen and
3.3x107 o, or essentially 3.3x107 c. This is clearly unacceptable.

These problems were solved using specialized relays that are rated at a minimum
isolation of 10"o and are capable of switching 200 V at 0.5 A and carrying 1.5 A. The
minimum breakdown voltage of the relay is 300 Vac across the contacts and 1000 Vac

A-3
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from the contacts to the coil. The manufacturer indicated that 250 Vdc and low currents
should pres.:nt no problem for the clatively few switching operations required of the
relay in our application. Thus we de' .Jed to limit our test voltage to 250 V (initial plans
were to go as high as 1000 V using manual instruments) and use these relays.

i.mi|| 4 ipq|uQi- u ius gp|| mui pi m ij | 4 | ||tpq p|q i du|h i s || i au i 'iali ips i s ii | | u4 a|u n4 m I i|n - | u 4|| Nu -
a

h n

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

Nominal Applied Voltage (V) 250100Sample IR (ko) 50

1000 - a45 290 m225
500 245 z90 223
250 245 a90 200
100 a45 290 155 )
50 245 a90 112
25 a45 a90 72
15 44 88 **

**
10 42 83
5 36 71

**

4 33 67 **

**
3 30 60

"
2 25 50

**
1 17 33

"
0.8 14 29

"
0.6 12 23
0.4 8 17 "

"
0.2 5 9
0.1 2 5 "

* * 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 inauts must float to the high voltage (see
Figt e A-2). To work around this limitation, t 1e Keithley could be connected on the low .

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

discussed in the -
Many measurement techniques (for botn IR-and transfer function)for use on smallliterature [A-5, A-8, A-10 and A-11], ~ticularly those developed ,

insulation samples, depend on being at..e 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 technicues may be limited by

|- the effect demonstrated in Figure A-3. It may be possible to use lighly 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.

! A-4



. . . -
.

|
|

35x10 0 Keithley
O [lectrometer

-.
' *Y Q Q,

00 .g 60 MO

1000 MO Y Qigga no
4 -

$b %
1000 M O Relay png

__ O M/W 4'
1000 M O i 60 KO % 10 3I O

h M 21000 MORe a

M Insulation
, 1000 M O Rela). 2 KO Under Test

ve-

Figure A-2 Circuit Model Showing Device Isolation Resistances

Conductor under test

Test
-

- 100 V <:

Z Chamber
_. -

- - .

All other
-- conductors

=e.= '

' J

No , access vg_

to break this
'

connection

Figure A-3 Effect 4 Grounds

A-5

- - - _ _ ___ __ _ - ____ _ _ - _ - ___ _____-___ _________________ -_ _ - _-_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - .



_ _ _. _ _ ...._-_ _ _ _ - _ _ _ _ _ . _ _ _ _ _ _

An additional problem (already solvcd in Figure A-1) is imposed by the Keithley itself.
Anytime a high impedance measurement is being made, the characteristic impedances of
the measurinA device must be considered. The differential input impedance of the
Keithley ($x: O n) is sufficient for accurate measurements even when the 60 Mai3

dropping resistor is used. Ilowever, the impedance from the negative terminal of the,

Keithley io g'this circuit is shown in Figure A-4.round is only specified at 10" n. A model for the * normal" connection of theKeithley in As can be seen from this figure, the
impedance of 1(f n acts in parallel with the cable under test and again would essentially

would normally be expected, i.e.,gure A 1, the Keithley is connected in reverse of whatleads, the differential input impedance of 5x10'gative voltages. In the case of reversed
destroy the measurement. In Fi

it measures ne
a becomes the minimum IR to ground

in parallel with the cable. The 10" o resistance simply becomes a shunt across the power
supgly and has essentially no effect on the measurement. When connected in this
con. iguration, the effect of the Keithley input impedance is on the order of 2% or less at
cable irs of 10"o. This is one of several effects that limit the upper range of our
measurements.

69 mM- 10 o
J /\/g/ d b--[g/\/g/r'

g

--._-.-_- Atyfsjy,- -

%
d;

_ _ - .

Ih m"Ob100 v .

=___

_ ._ _- __

i

Figure A-4 Model for Noi 4 Keddey Connection

A reasonable estimate of the maximum capability of our instrumenta. ,, as configured
!may be found from baseline open circuit measurements. The typical mimmum IR of the

open circuit is 5x10"n. This IR includes limitations from aspects discussed above,
interconnecting wire contributions, and inherent instrumeist limitations Without using

any%ype of baseline correction, the onen circuit IR is expected 'n ceur mer, cf aboutt

measurements at 1x10"g 1Rs of lx. ' " a, or less than 2% when making tipical20 when measurin
o or below.

| A.3 TRANSFER FUNCrlON

The tramfer function is measured using the circuit shown schematically in Figure A 5.
Two diffe.cnt instruments are used to make the transfer functio measurements, both
being controrai by a liewlett Pachrd Model 216 computer. At 'hQher" frequencies,
over an effective range from about 100 to 500 kilz, the LF Analyzer is used (obviously
we have different perspectives of " low" frequency than llewlett Packerd). This
instrument uses an oscillator to excite the device under test in combinatimr 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 four terminal ne: work is used to
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make the measurement, which may be displayed in a variety of formats (i.e., capacitance,
dissipation factor, conductance, magnitude and angle, etc.). This instrument is capable
of rnaking measurements on a cable even when one side of the insulation under test is at
ground potential, llowever, it should be noted that different results are obtained when
one side is grounded as compared to having both sides floating. Tlic reason for this
behavior is illustrated in Figure A 6. In Figure A-6(a), neither side of the cable is
grounded and the measurement is just the series combinAn of the two insulations
between the conductors. In Figure A-6(b), with condurDr *2 grounded, an additional
path is introduced in parallel with the conductor #2 insuiation to ground. This parallel
path, which includes t ne jacket of multiconductor cables, consists of any paths to ground
Lrom conductor #1 except the path through the insulation of conductor #2. The
significance of this path is aarticularly pronounced for single conductor cables which rely
heavily on the parallel pat i to form a pround plane for the measurements. It should be
noted that the effects illustrated in Figure A 6 apply to any type of electrical
measurement.
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Figure A 5 Schematic of Transfer Function Measurement Circuitry

At lower frequencies, over an effective range from about 0.3 to 200 liz, a :lewlett
Packard Model 3582A spectrum analyzer (SA), driven by a white noise source is used.
The white noise is provided by the slectrum analvver and is fed to channel A of the
analyzer. The input to channel B of t te analyzer is from the signal acrss the nominal
1 Ma resistor in series with the cable. The spectrum analyzer obtains the Fast Fourier
Transform (FFT) of the transfer function between V,n and Vou and transmits the
amplitude ratio and phase difference between Vm and V ,i to the computer, These datam
are then processed by the computer to provide measures of capacitance and dissipation
factor (as a function of frequency) of the cable under test.
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The preamplifier shown in Fi ute A 5 is used in the voltage follower mode
(output = input). The preamplifier ms an input impedance of };rcater than 10'n in the ,

1

differential mode and a input capacitance of about 8 pF. The input capacitance of the
preamplifier limits the upact fret uency for effective measurements using the spectrum

* = * 1000 ' 8x10~;2) =pedance due to the capacitance is000 liz im 1analyzer. For examp c, at
20x1(f n. As this impedance is a factoi

of 0 above the nom / (&inal 1 Mn resistor, it would only be expected to create errors en the1/ 2 * n * f * C) = 1

order of SE Ilowever,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 llz ( y changing the instrument settings to display condudunce rather than dissipation -
factor), mi the data is somewhat variable and unreliable and the LF analyzer generally
did not make effective dissipation factor measurements below about 100 Itz. To providei

| a reasonable overlap region for comparison with the LF measurements, we wanted the
SA system to make measurements up in the range of 100011z. After correcting the datai

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
problems are not very important and good agreement in the overlap region can be
expected.

A8

-



-_. .__ -_ __. _ _ _. . .__ _ . _ __

A.4 REFERENCES

A 1. Stone, G. C. and M. Kurtz," Interpretations of Megohmmeter Tests on Electrical
Apparatus and Circuits /' / ELE ElectricalInsulation Afaga:Inc, Vol. 2, p.14,
January 1986.

A 2. Reynolds, P.11., " Conventional Cable Testing Methods: Stren 'ths, Weaknesses
and Possibilitics," Appears in Proceedings: Workshop on 1 ower Plant Cable
Condition Afonitoring, EPRI EL/NP/CS-5914 SR, Electric Power Research
Institute, July 1988.

A 3. Sugarman, A., B. Kumar, and R. Sorensen, " Condition Monitoring of Nuclear |

Plant Electrical Equipment," EPRI NP 3357, Research Project 1707 9, |
NUTECil Engineers, San Jose, California, February 1984. '

A-4. IEEE Std. 62-1978, "IEEE Guide for Field Testing Power Apparatus Insulation,"
The Institute of Electrical and Electronic Engineers,Inc.,1978.

A 5. ASTM D150-81, "A C 12)ss Characteristics and Permittivity (Dielectric Constant)
of Solid Electrical Insulating Materials," American Society for Testing and ,

Materials,1981. |
1

A-6. Uattnikus, R., editor, Engineering Dielectrics, Volume l!B, Electrical Properties of
Solid Insulating Afaterials: Afeasurement Techniques, American Society for
Testing and Materials Special Technical Publication 926,1987.

A-7. Rene Seeberger, " Capacitance and Dissipation Factor Measurements," /EEE ,

ElectricalInsulation Aiaga:ine, V01. 2, p.14, January 1986.

A-8. Mopsik, F. I., " Precision Time Domain Dielectric Spectrometer," Rev. Sci.
Instnnn., Vol. 55, p. 79,1984

A9 Mo,sik, F. I., "The Transformation of Time Domain Relaxation Data Into the
Frequency Domain," IEEE Transactions on Electrical Insulation, Vol. El 20,
p.957,1985.

A-10. ANSI / ASTM D257 78,"D-C Resistance of Conductance ofInsulating Materials,"
American Society for Testing and Materials,1978.

A-11. IEEE Std. 4021974, "lEEE Guide for Measuring Resistivity of Cable Insulation
Materials at I'ligh Direct Voltages," The Institute of Electrical and Electronic
Engineers, Inc.,1974.

A9

. .. ,



4 h_. ku 4 hs ea 4-#95-WJ ad A 4_ep sd W " -- - - ' ~ 444ce h -4.4 6 ad BMMd sJ g' -'J E +44SM,5EA h e J,m.S.A ' " - ' ~ '^ -415,- ' - - 4 Sm W h ------h--

E

F

1

1

d'

s

t

!

n
,

I

a )
J

'

1
b

'E
m

F
-

>

I
_

4

r

?

b
d J

4

.' h
P

6
.

h

A

T
,

.|-
i

T'

s

I

.-h.
.

I

i

h

I

i

' a.
E

.

e

e
_

r

.

- .gu

r

6

s

6

5

D

9

'

i

ese., a-,-,. , - , - - , - - ,ew-n-,,n,,- - . - - - .. . , , , n.-, nn.,,.-,.. .sw,w.,r- v--n,',N,'.,,N.n,,- n,,n--,o.-, ',a.,,-,,n.., e,-w-.,,.,,,--.~,,, .'v-e..-,.- ., N,,,,,,A---.-,



- . . .._. .. -- - - - __ _ _.

!

|

|

i

i

!
!

.

Appendix 11 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). liowever, review of daily logs
indicated that temperatures did not deviate significantly from the trends shown in the
figures. The sample ID numbers used in Table 111 correspond to those given in Table 3.
Also included in this appendix is transient temperature data from each accident
simulation. .
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Table H-1 Exposure Data for 15 cm. Insulation Specimens

Sample ID Aging Aging Accident Total
Dose Rate 1 Dose Itate 2 Dose Rate Dose

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

Hrand Rex

l3-3 0 71.8 0 157
133R 0 74.8 4.33 1070
161 0 64.6- 0 47.9
l62 0 58.3 0 83.6
163L 0 o1.8 0 128

163F 45.9 0 0 110
'

1 6-4 49.6 59.3 0 157
l65 41.4- 65.6 0 186
1-6 6 48.8 58.9 0 239

166R 44.3 62.5 4.58 1120
16R 0 0 4.36 876 -

191 0 34.9 0 26.7
1-9-2 0 38.7 0 55.5
1-9 3 0 36 0 81.6
196 85.5 36.9 0 319
l 9-7 82.5 39.8 0 346
198 87.1 35.8 0 377 <

1 9-9 77.7 44.5 0 405
199R 82 40.2 4.56 1280

Rockbestos

2 3-3 0 74.5 0 163

2 3-3R 0 79.5 4.35 1080-
261 0 67.4 0 50
2-6 2 0 71 0 102 ,

2 6-3L 0 69.9 0 145
2-6-3F - 35.6 0 0' 85.2-
2-6-4 34.2 72.2 -0- 128
2 6-5 37.7 68.5 0 182
266 43.7 63.2- -0 . 236.

2-6-6R 40.4 65.6 4.59 1110
2-6-R 0. 0- 4.57. 878.
2-9 1 0 35.6 0 27.2
2-9 2 0 37.6 0 53.9

-2 9-3 :0 36.7 0 83.2 :

2-9-6 88.8 37.7 0- 331
2 9-7 89.3 38.6 0 366
2 9-8 88.1 36.5 0 382
299 78.3. 45.4 0 410 r

2 9-9R 82.4- 41.7 4.56 -1290-

. B 10
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Table B 1 Exposu e Data for 15-cm. Insulation Specimens (cont) -

'

Sample ID Aging Aging Accident Total
Dose Rate 1 Dose Rate 2 Dose Rate Dose

(Gy/hr) (Gy/hr) (kGy/hr) (LGy) ]
.

Raychem j
333 0 65 0 142 .

'
333R 0 68.1 4.38 1060
3 6-1 0 77.2 0 57.2
3-6-2 0 75.2 0 108

3-6-3L 0 78 0 162
3 6 3F 57.2 0 0 137
3-6-4 60.6 76.4 0 194

3-6-5 53.7 78.4 0 233
3-6-6 56 69 0 277 1

3 6-6R 56.9 72.7 4.71 1190
36R 0 0 4.66 896
391 0 73.3 0 56
392 0 77.8 0 112

'

393 0 77 0 175
3-9 6 52.7 79.1 0 267
3-9-7 48.8 79.9 0 322
398 57 75.2 0 389
39-9 55.6 70.4 0 425

3 9 9R 53.7 73.7 4.57 1310

IPolyset

433 0 77.8- 0 170'
4 3-3R 0 82.2 4.37 1090
4 6-1 0 74.1 0 54.9
4-6 2' 0 72.4 0 1M

4 6-3L 0 74.3 0 154
4 6-3F 31.8 0 0 76.1
464 32,7 73.6 0 126
4 6-5 32.2 75.2 0 - 177- ,

't
-4-6-6 40.9 66.2 0 235

"
4-6-6R 36.1 69.8 4.62 1120
4 6-R 0 0 4.59 881
491 0 45.6 0- 34.9

'

4 9-2 0 39.6 0 56.7
.4 9-3 0 42.5 0 96.3
4-9-6 88.6 43.6 0 338
497 89.1 40.6 0 369
4 9-8 86.4 46.8- 0 405
499- 78.2 48.1 0 419

4 9 9R' 83.5 _44.7- 4.57 1300-
__

B 11-
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Table 112 Exposure Data for 15 cm. Jacket Specimens

Sample ID Aging Aging Accident Total
Dose Itate 1 Dose Itate 2 Dose Itate Dose d

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

'

lirandIlex

133 0 66.1 0 144
1-3 311 0 71.6 4.35 1070
161 0 48.6 0- 36.I
1-6 2 0 54.1 0- 77.5 -

16 3L 0 52.5 0 109
1-6 317 57.5 0 0 138
1 6-4 55 55 0 167
1-65 61.3 49.4 0 213
166 59.9 49.7. 0 247

1-6 611 59.3 50.4 4.57 1120
1-6-11 0 0 4.55 875
1 9-1 0 43.8 0 33.5
1-9 2 0 40.9 0 58.7
193 0 41.2 0 93.5
1 9-6 82.5 42.3 0 317
1-9 7 81.4 42 0 348
198 81.1 45 0 383
1-9 9 74.1 50.4 0 414

1 9 911 77.1 47.2 4.6 1300

llockbestos
_

233 0 61.8 0 135
2-3 311 0 68.3 4.38 1070
2 6-1 0 45 0 33.4 ;

2 6-2 0 41.6'. 0 59.6
2-6 3L 0 38.2 0 79.3
2-6 3F 73.5 0 0 176
2-6-4 69.5 42.3 0 194
265 65.6 45.7 0 218
2 6-6 66.7 43.8 0 250

2 6-611 68,3 42.7 4.6 1140
2 6 11 0 0 4.56 877
291 0 45.9 0 35.1
2-9 2 0 48.8 0 69.9
293 0 52.9 .0 120
296 80.7 54.3 0 326
2-97 82 50.1 0 366
2 9-8 81.8 47.2 0 391
2-9 9 72.1 55.9 0 427

2-9-911 77.1 52.5 4.67 1330

13 12
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Table 112 Exposure Data for 15-cm. Jacket Specimens (cont) !

!

Sample ID Aging Aging Accident Total i

Dose Rate 1 Dose Rate 2 Dose Rate-- Dose
(Gy/hr) (Gy/hr) (kGy/hr) (kGy) <

;. _ . __

p Polyset
'

4-33 0 55.9 0 122
'

4 3-3R 0 59.3 4.42 1050
461 0 36.2 0 26.9
462 0 34.6 0 49.6

4 6 3L 0 32.3 0 66.9 |
4 6 3F 80.2 0 0 192 '

464 77.1 35.2 0 207
465 75.2 36.8 0 229
466 70.1 40.6 0 252

4 6-6R 73.4 37.8 4.59 1140-
46R 0 0 4.56 876
491 0 55.8 0 42.7 :
4-9-2 0 59.6 0 85.5
493 0 63.4 0 144
4-9-6 73.5 65.1 0 316'
4 9-7 75.1 61.2 0 367
4-9 8 77.8 57.3 0 406
499 68.2 61.5 0 434

4 9-9R 72.1 60.5 4.68 1340

.

k

5

3

I
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Table 113 Exposure Data for 36-cm. Single Conductor Specimens
.

Sample ID Aging Aging Accident Total
Dase flate 1 Dose Itate 2 Dose Itate Dose

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

Ilranditex

1-33 0 74.4 0 162 .

'

13-311- 0 77.1 4/.'5 1160
161 0 57.8 0 42.9 l

1 6-2 0 54.9 0 78.6 1
l

16 3L 0 52.6 0 109
1-6-317 71.8 0 0 172 ,

16-4 60.7 55.7 0 181
1.65 56.5 58.7 0' 214
1 6-6 59.5 55.3 0 257

16-611 60 55.2 5.01 1220
1 6-11 0 0 4.99 959
191 0 46.6 0 35.7
192 0 48.2 0 69.1
193 0 80.5 0 183
1 9-6 54.5 82.7 0 277
1 9-7 89.4 49.5 0 388
1 9-8 89.2 47.9 0 417
199 83 54.4 0 456

1 9 911 86.1 51.5 5.04 1430

llockbeslos

2-33 0 72.6 0 159
2 3 311 0 74.8 4.77 1160
2-6-1 0 47.9 0 35.5
262 0 47.8 0 68.4

2-6 3L 0 52.2 0 108
2-6 3F 64.1 0 0 153
2-6-4 - 81.2 48.5 0 225
2-6-5 68.4 48.7 0 229
2-6-6 65.5 50.3 0 261

2-6-611 65.3 50.9 5.02 1230
2-611 0 - 0 5 962
2-9 1 0 52.2 0 -40
2 9-2 0 91.5 0 131
2-93 0 50.5 0 -115
2 9-6 88.9 51.9 0 349
2-9-7 44.1 93.9 '0 336
2-9-8 89.2 53.6 0 432

1, 2-9 9 82.6 57.2 0 . 465

L 2-9 911 86.2 53.8 5.07 1440

|
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Table B 3 Exposure Data for 36-cm. Single Conductor Spechnens (cont) j

t

Sample ID Aging Aging Accident Total
Dose Rate 1 Dose Rate 2 Dose Rate Dose :

(Gy/hr) (Gy/l.r) (kGy/hr) (kGy) !

Raychem
,

333 0 51./ 0 113
333R 0 46 4.87 1120 - '
3-61 0 33.1 0 24.6
362 0 35.7 0 51.1

3-6-3L 0 52.7 0 109
3 6 3F 74.7 0 0 179
3 6-4 85.6 36.2 0 228 :

-!3 6-5 86.7 33.6 -0 252-
3-6-6 76 42.7 L 270 ;

3 6 6R 81.2 38.1 5.03 1240 |4

3-6-R 0 0 5.01 963
_

391 0 86 0 65.8
3-9 2 0 88.7 0 127
3 9-3 0 84.9 0 192
396 49.4 87.2 0 266
397 55.4 91.1 0 366
3 9-8 60.3 88.3 0 435
3-9 9 - 61.1 80.3 0 477

3 9-9R 58.5 85.5 5.12 - 1470

Polyset

4-3-3 0 68.6 0 150
4-3-3R 0 71.1 4.78 1150
461 0 44.7 0 33.2
462 0 41.9 0 60.1- '

4 6 3L 0 43.5 0 90.3
4 6 3F 73.7 0 0 177
4 6-4 75.1 42.6 0 207
4 6-5 71.8 45.4 0 233
4-6-6 68.2 47.7 0 262

4 6-6R 70.2 46.3 5.02 - 1230
46R 0 0 4.99 -959
491 0 55.9- 0- 42.7--

'

4 9-2 0 58 0 83.1 .

'493 0 56.3 0 128
4 9-6 89.3: 57.8 0 -357

- 4 9-7 87.9 59.5 0 405 ;
498 87.? 57.4 0 437
4 9-9 79 61.8 0 470

4-9 0R 83.2 59.3 5.09 1450

:
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Table 11-4 Exposure Data for 36-cm. Multiconductor Specimens

Sample ID Aging Aging Accident Total
Dose Itate 1 Dose llate 2 Dose Itate Dose

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

11 rand itex

15-3 0 80.1 0 175
1 3-311 0 86.8 4.77 1190
1-6-1 0 77 0 57.1
1 6-2 0 81.9 0 117

~

1-6-31, 0 85.9 0 178
1-6 3F 37.3 0 0 89.3
1-6-4 36.1 83.2 0 140
1-6-5 39.2 78.3 0 198
1 6-6 42.7 73.8 0 255

1 6-611 46.6 69.9 5.03 1220
1-6-It 0 0 5.07 975
1 9-1 0 62.4 0 47.7
1 9-2 0 63.1 0 90.5
193 0 67.8 0 154
1-9-6 85.3 69.6 0 359
197 87.8 64.8 0 416
198 85.1 64.1 0 448
199 82 63.3 0 484

1-9 911 78.9 63.2 4.96 1430
-

llockbestos
_

2-3 3 0 94.5 0 206
2-3-3R 0 85.9 4.76 1180
2-6 1 0 74.5 0 55.3
2 6-2 0 81.4 0 117

2-6 3L 0 79.5 0 165
2 6 3F 35.2 0 0 84.3
2 6-4 31.9 82.6 0 129
2-6-5 38.5 75.7 0 193,

2-6-6 34.8 77.3 0 244
h 266R 42.3 71.4 5.04 1220
si 2 6-R 0 0 5.1 980

2-9 1 0 58 0 44.4'

2-9 2 0 54.6 0 78.3
2-9-3 0 59.1 0 134
2-9-6 90 60.7 0 363
2 9-7 94.7 56.1 0 419
2 9-8 87 59.6 0 442
299 91.8 55.1 0 487

2 9-9R 83.8 59 4.98 1430
_.
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Table 11-4 Exposure Data for 36-em. Mult! conductor Specimens (cont)'

Rample ID Aging Aging Accident Total
Dose Rate 1 Dose Rate 2 Dose Rate Dose

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

.

!

Polyset
{t

43-3 0 91.6 0 200 I

4 3-3R 0 87.3 4.77 1190-
4-6-1 0 72.6 0 53.8
4-6 2- 0 75.4 0 108 ;

4 6 3L 0 79.9 0 166 ;
4-6 3F 31.7 0 0 76 i
46-4 34.9 76,6 0 133 .

465 38.4 73.7 0 190-
.

4 6-6 42.5- 69.6- 0 246 f

4 -6-6 R - 38.8 72 5.04 1210
46R 0 0 5.02 966
491 0 53.7 0 41.1
492 0 49.7 0- 71.3
4-93 0 50.4 0 114
4-96 96.8 51.8 0 374
497 93.7 51.1 0 406
498 88.7 55.1 0 435
4 9-9 85.7 54.8 0- 466

4 9-9R 90.6- 50.4 5 1430

s

e

s

T

l
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Table 115 Ternperature During Accident Test Transients

AT3 AT6 Kr9
Time Temp Time Temp Time Temp
(hr) ('C) (hr) ('C) (hr) ('C)

0.003 19.6 0.000 19.9 0.000 21.8
0.088 20.4 0.085 20.1 0.084 22.1
0.09 132.8 0.087 120.0 0.087 55.0
0.093 151.2 0.09 149.3 0.09 138.2.
0.096 152.2 0.093 154.4 0.095 156.6
0.098 155.4 0.117 158.3 0.098 154.9
0.101 156.6 0.133 160.1 0.100 152.0
0.149 161.1 0.217 164.5 0.106 157.6
0.192 163.3 0.257 166.2 0.127 159.1
0.227 164.2 0.302 168.4 0.132 159.3
0.312 166.2 0.356 171.1 0.170 160.3
0.424 169.2 0.671 174.6 0.229 162.5
0.483 171.1 0.730 170.6 0.266 164.0
0.571 172.3 0.794 174.3 0.272 164.0
0.688 173.1 0.825 170.1 0.347 166.2
0.774 175.0 0.878 166.2 0.464 167.7
0.832 174.1 0.937 170.1 0.538 170.6
0.998 174.3 0.998 169.4 1.000 170.9

5.013 79.8 5.324 56.0 5.009 61.4
5.101 78.1 5.356 55.5 5.064 60.4
5.103 111.7 5.409 54.7 5.085 61.6
5.106 152.7 5.414 139.2 5.088 133.3
5.109 159.1 5.418 155.4 5.090 147.3
5.164 160,1 5.422 157.6 5.093 148.8
5.170 160.3 5.459 159.1 5.096 151.0
5.178 161.1 5.468 159.6 5.098 152.7
5.226 163.3 5.476 160.1 5.104 153.9
5.239 163.8 5.480 160.3 5.112 155.2
5.242 164.0 5.484 161.1 5.130 156.9
5.292 165.5 5.526 163.8 5.154 158.1
5.375 163.5 5.580 167.2 5.157 158.3
5.380 163.3 5.651 169.9 5.197 161.3
5.391 162.8 5.655 170.4 5.219 163.0
5.494 166.5 5.692 171.1 5.245 163.5
5.558 167.7 5.751 170.4 5.301 165.0
5.644 169.2 5.821 171.6 5.386 167.2
5.755 170.9 5.825 171.6 5.481 168.4
5.761 171.1 5.863 171.6 5.566 170.4
5.909 171.9 5.921 171.9 5.571 170.4
6.000 171.1 6.000 171.9 5.996 173.1

._
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*ppendix C Insulation llesistance During Aging and After Accident Itadiation

In this appendix, conductor identification numbers are as given in Table 2. Where
measurements on more than one conductor form the basis for a data point, the error bar
shown around the symbol for that data point represents one sample standard deviation of i

- the data.
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Table C-1 Insulation Resistance Data After Accident Radiation Exposures

3-month Chamber 9-month Chamber
After Accident Radiation After Accident Radiation

Cond # 50 V 100 V Cond # EQ.y 100_V 250 V

lirand Rex XI.PO

1 1.98E + 10 1.70E+ 10 1 2.07E + 10 1.36E + 10 1.10E + 10
2 2.23E + 10 1.75E + 10 2 1.59E + 10 1.31E + 10 1.73E + 10
3 3.01E+ 10 1.41E + 10 3 1.60E+ 10 1.69E+ 10 1.50E + 10

Enskbestos Firewall til

12 6.25E+ 10 4.89E+ 10 14 2.43E+ 10 1.84E+ 10 2.17E+ 10
13 4.77E + 10 5.55E + 10 15 1.51E+ 10 2.35E+ 10 2.70E+ 10
14 9.11E+ 10 5.63E+ 10 16 2.44E+ 10 1.90E+ 10 2.95E+ 10

17 1.68E + 10 1.84E + 10 1.83E + 10
18 2.10E + 10 1.95E + 10 2.31E + 10
19 2.42E+ 10 2.16E+ 10 2.26E+ 10

Dekoron Polyset

19 1.29E+ 10 1.28E+ 10 24 3.83E + 09 3.13E + 09 2.59E + 09
20 1.21E+ 10 2.89E + 10 25 3.29E+ 09 3.34E+ 09 2.51E+ 09
21 1.62E+ 10 1.46E + 10 26 4.02E + 09 3.47E+ 09 2.83E+ 09

27 4.63E+ 09 3.98E+ 09 3.34E+ 09
28 4.39E + 09 4.11E + 09 3.37E + 09
29 4.98E+ 09 4,47E + 09 3.61E + 09

41 4.22E + 08 3.35E + 08 55 7.32E + 7 6.27E+ 7 6.51E + 7
56 8.00E + 7 6.93E + 7 7.13E + 7 3

Rayshem Flamtml

27 6.95E + 10 35 6.59E + 10 6 (ME + 10 6.53E+ 10""

28 4.35E+ 10 5.27E+ 10 36 2.96E+ 10 4.84E+ 10 5.76E+ 10
37 7.51E + 10 7.33E + 10""

"** IR too high to measure
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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 5 minutes
divided by the 250 V IR at 30 s.

Cond Cham 3 Cham 3 Cham 6 Cham 6 Cond Cham 9' Cham 9 Cham 9 :
.L Month 0 Month 3 Month 0 Month 6 .L Month 4 Month 9 After

Radiation ,

Ilrand Rex XLPO ;

1 3.21 6.49 2.49 3.31 1 2.56 4.93 2.76
2 2.52 4.38 2.33 2.50 2 2.28 2.96 2.20

3.63 2.703 3.42 4.63 2.45 3.85 3 ----

'

Rockbestos Firewall 111

5.7014 5.484.98 2.95 ""12 "" --

6.1515 4.182.75 ""13 "" "" ----

6.49-16 3.97 ""
14 4.31 2.92"" ""

17 3.67 6.30 5.57
18 4.54 6.32 5.08
19 3.15 5.42 4.24

Dekoron Polyset

19 2.57 2.23 2.08 2.92 24 2.91 234 1.95
20 2.11 2.17 1.98 2.26 25 2.46 2.47 1.75
21 2.27 2.07 2.01 3,14 26 2.63 2.08 2.03

27 3.50 -2.65 1.98
28 3.35 3.24 1.83
29 4.63 2.72 1.99

41 0 1.43 1.09 2.22 55 1.20 1.05----

---- 1.17 1.0456-

Ravchem Flamtrol

3.68 35 1.64*"* "" ""27 "" ""

3.49 1.81 36 2.77 "" ""i- 28 "" ""

37 **** **** ****
'

!

. ---- No measurement
i "" No PI because IR too high to measure

t-
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Figure D-5 Capacitance of Rockbestos Conductor #15 During Aging
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Figure D-7 Capacitance of Rockbestos Conductor #17 During Aging
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Figure D-9 Capacitance of Rockbestos Conductor #19 During Aging
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Appendix E Elongation and Tensile Strength Data

in this appendix, relative tensile strength and relative clor.gation are presented for each
cable type. Error bars around each data point symbol represent one sample standard
deviation of the data. The data point at 0 kGy total dose on each plot is from virgin
cable specimens. The data points between 0 and 600 kGy are from samples exposed to
aging only. Tte data points at 8001000 kGy are from samples that were exposed onl
accident radiation. (These samples were placed in the 6 month chamber after aging,y tobut
prior to the accident radiation exposure.) Finally, the data points beyond 1000 kGy are
from samples exposed to both aging (either 3,6, or 9 month 3) and accident radiation.
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Appendix F Data from EPRl/ Franklin Cable Indenter and liardness Data

in this appendix, relative modulus and hardness are presented for each cable type. Error r

bars around each data point symbol represent one sample standard deviation el the data.
The data point at 0 kGy total dose on each plot is from virgin cLble specimens. The data
points between 0 and 600 kGy are from samples exposed to aging only. The data points,

: at 8001000 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 ex >osure.) Finally, the data
to both agin (either 3,6, or 9 months) points beyond 1000 kGy are trom samples exposedand 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 point symbol represent one sample standard deviation of the data. The data
)oint at 0 (Gy total dose on each plot is from virgin cable specimens. The data points
aetween 0 and 600 kGy are from samples exposed to aging only. The data pomts 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

to both aging (either 3,6, or 9 months) points beyond 1000 kdy are from samples exposedradiation exposure.) Finally, the data'

and accident radiation.
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| Appendix 1 IR of Each Conductor During Accident Testing

In this a nendix, conductor identification numbers are given by the chamber number (20,
40, or 60 based on the nominal life simulated during the aging in that chamber), followed
by a conductor number from Table 2. Some of the plots only show the data from the
heithley because those conductors wue 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. 'Ihe discrete
measurements shown on the plots are identified as Keithley measurements at 50,100, or
250 Vde (see Appendix A) Note that the u1per limit for reasonably accurate continuous
measurement is somewhere above 1 Mo 106 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 isower outages, is not
meluded.

1. Loss of data during aging- As a result of pre,blems with a disk used to store the aging
data, several segments of data we sost for the 6- and 9-month chambers. Backup
printouts and logs kept during aging were used to verify that the tempr?.ture in the
chamber did not deviate sigmficantly from the desired conditions. Thus, there was
no adverse effect from the loss of data.

2. Loss of data loggers during AT6- Between about 1.8 and 2.3 hours into AT6 (during
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 lo 'er readings were
lost as a result of a problem with the data logger input boards. le problem was
corrected and the test was continued uninterrupted. The only adverse effect of the'

l 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,3.
'

moisture 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
i olentially disrupt the leakage cur) rent monitoring system by leakage on a
('nnection panel. The most leakage occurred from Rapton 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 drinping. The IR data during the LOCA that was
potentially affected by the water drippmg has been deleted from the continuous IR
data plots. An improved connection panel in the remaining accident tests precluded
any adverse effects of the water drippmg.

4. Damage to thermocouples as a result of accident tests--Following AT6 and AT9, the
stainless steel thermocouple sheaths were found damaged. In several cases, the

L bare conductors were visible through the mincrei 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.
Ilowever,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 -

.l thermocouple. Since the chamber temperature was very uniform during the
accident tests, this anomaly had no adverse effects on the test results. The most
likely cause of the damaged thermocouples is from chloride attack originating in
cable jacket materials. Inconel thermocouples eliminated this type of damage,

during subsequent testing.

|
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