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Abstract

Experiments were conducted to assess the effects of high potential testing of cables and to assess the sunivability of aged '
and damaged cables under Loss +f-Coolant Accident (LOCA) conditions. High potential testing at 240 Vdc/mit on
undamaged cables suggested that no damage was incurred on the selected virgin cables. During aging and LOCA testing,

' Okonite ethylene propylene rubber (EPR) cabics with a bondedjacket experienced unexpected failures; The failures appear
to be primarily related to the level of thermal aging and the presence of a bondedjacket that ages more rapidly than the
insulation. For Brand Rex crosslinked polyolefin (XLPO) cables, the results suggest that 7 mils ofinsulation remaining.

should give the cables a high probability of suniving accident exposure following aging. The voltage necessary to detect
: when 7 mils ofinsulation remain on unaged Brand Rex cables is approximately 35 kVdc, This voltage level would almost-

certainly be unacceptable to a utility for use as a damage assessment tool, However, additional tests indicated that a

. 35 kVdc voltage application would not damage virgin Brand Rex cables when tested in water, ' Although two damaged
Rockbestos siliconc rubber cables also failed during the accident test, no correlation between failures and level of damage
was apparent.
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= Nomenclature

~ ACRS L Advisory Committee on Reactor Safeguards

AWG American Wire Gauge .

CSPE ' chlorosulfonated polyethylene (also known as Hypalon@)

EPDM ~ cthylene propylene diene polymethylene

EPR ethylene propylene rubber

EPRI : - Electric Power Research Institute

EQ Equipment Qualification -

failure During LOCA exposure, failure is used to indicate the opening of a 1 Amp fuse. - Actual failure in real circuits
would depend on the application.

ID inner diameter

IR Insulation Resistance

L1CA Low intensity Cobalt Array, facility for performing irradiation exposures at Sandia National Laboratories.

LOCA . loss-of-coolant accident; a design basis event for nuclear power plants

mil one-thousandth of an inch -

NRC. Nuclear Regulatory Commission

SR silicone rubber .

TVA Tennessee Valley Authority

XLPE crosslinked polyethylenc

XLPO crosslinkedpolyolefin
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Executive Summary

Experiments were performed to assess concerns about high suniving in an accident after thermal and radiation aging
potential testing of cables in conduits flooded with water to the conditions defined in this test program. It appears
and to determine the amount of cable insulation necessary that aging may have been a significant factor (together
to sunive aging and a Loss-of-Coolant Accident (LOCA). with the reduced wall thickness) in causing two failures

,

The test program was designed in three phases. Phase I that were observed for the Rockbestos SR cables. Tims,

was the high potential testing of virgin cables to determine reduced aging (thermal and/or radiation) might decrease .

if 240 Vdc/ mil testing damages cables; Phase 11 the failure rate of these (damaged) cables.
determined the voltage level necessary to detect when
damaged cables will not survive aging and accident Sunival data for Okonite Okolon cables were not available
testing; and Phase ill was the high potential testing of because of failures during thermal aging. All of the '

virgin cables to determine if testing at the voltages defined (intentionally) damaged Okonite EPDM/CSPE cables with
in Phase 11 damages virgin cables. Three cable types were less than 15 mils ofinsulation remaining failed before the
chosen for this test program: completion of aging (circumferential cracks open to the

conductor). The one undamaged cable failed during the
Okonite Okolon #12 AWG single conductor cable LOCA exposure shonly aner the test chamber
insulated with 30 mils (0.030 in) of ethylene propylene environment became saturated steam. The one cable that
diene polymethylene (EPDM) insulation with a 15-mil had approximately 15 mils ofinsulation remaining caused
bonded chlorosulfonated polyethylene (CSPE) jacket a 1 A fuse to open 182 hours into the LOCA simulation,
(also called a composite insulation); although there were indications of erratic insulation

resistance behavior much earlier. The major causes of the
Rockbestos silicone rubber (SR) #16 AWG sing!c Okonite cable failures are the extent of the thermal aging
conductor cable insulated with 30 mils of silicone and the presence of a bonded CSPEjacket that ages more ,

rubber andjacketed with a fiberglass braid; and rapidly than the underlying insulation. It should be noted
that the tested cable was rated for 40-year operation at

Brand Rex #12 AWG, stranded single conductor cable 90 C (194"F), while our testing simulated only about 72 C
with 30 mils of crosslinked polyethylene (XLPE) (162*F) for the jacket and 76 C (169 F) for the insulation,
insulation. using the activation energies given in Table 2 and the

Arrhenius equation.
The conclusions of this experimental effort with regard to
the specific objectives of the program are addressed below; OBJECTIVE: Assess the voltage level necessary for a

high potential test to detect when the insulation thickness
OBJECTIVE: Assess whether high potential testing at has been reduced to the minimum level determined by the
240 Vde/ mil causes damage to selected cables. previous objective.
CONCLUSION: Based on ultimate voltage breakdown CONCLUSION: To detect when Brand Rex insulation
strength, 24 cycles of high potential testing of cables at has been milled to 7 mils remaining, a test voltage of
240 Vdc/ mil did not cause damage to the three cable types 35 kVdc will sufTice (1170 Vde/ mil based on the nominal
tested. insulation thickness of 30 mils). Note that this voltage

level is considerably above the 240 Vde/ mil test in
OBJECTIVE: Assess the minimum insulation thickness IEEE 383 1974 [1]. A test criterion for Rockbestos cables
necessary for accident functionality after accelerated aging was not established since the damage level necessary to
to nominal lifetimes of 40 or 60 years through aging and survive an accident simulation was not dermitive based on
accident testing of damaged cables. the results of these tests.
CONCLUSION: Brand Rex XLPE cables milled to as
little as 7 mils ofinsulation remaining are likely to sunive OBJECTIVE: Assess whether high potential testing at

'

in an accident after thermal and radiation aging to the voltage levels found in the previous objective causes
conditions defined in this test program. However, if higher damage to selected virgin cables.
applied voltages (>l10 Vdc) or ac voltages had been used
during the LOCA simulation, post-LOCA dielectric CONCLUSION: Based on ultimate voltage breakdown
strength data suggests earlict failures may have occurred. strength, six cycles of high potential testing of virgin
With more than 12 mils ofinsulation, however, there is no Brand Rex cables at 35 kVdc did not cause damage to the
indication of potential failure even at higher voltages. cables. However, testing at 35 kVdc would probably be

unacceptable to utilities for use in in situ testing based on
Reckbestos SR cables milled to as little as 4 mils of field experience with high potential testing.
insulation remaining have a reasonabic probability of

1 NUPEG/CR-6095
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' Executive Summary |

OBJECTIVE: Determine the relationship between cable cables sustained cracks during thermal aging (prior to the
length and de breakdown voltage. LOCA simulation), all of the cables sunived for a pc&d
CONCLUSION: In a limited set of tests with applied de of time in the LOCA simulation. The first Okonite failure
voltages, no unexpected length efTects were noted. Such (opening of 1 A fuse) occurred at 11 hours (just after the
effects had been suggested in previous ac testing at Sandia . chamber environment became saturated steam) and the -
when cables were tested in an ionized gas environment [2]. final Okonite failure occurred 182 hours into the LOCA

- profile (although there were indications of erratic behasior
Additional results, beyond the objectives, were provided by and perhaps even failure well before the fuse opened). It
this test program. The failures of the Okonite cables in must be noted that no chemical spray was used during the '
this program and in a previous test program suggest that LOCA simulation. Because of cracks through to
the bonded CSPE jacket is detrimental to overall cable . conductors that existed prior to the LOCA tests, the use of -
integrity. These results indicate that even the undamaged chemical spray would almost certainly have caused .
cable cannot meet its rating with the bonded CSPEJacket electrical failures to appear shortly after the chemical spray .
when thermal aging is performed according to the - was started because of the enhanced ground plane created
Arrhenius theory as used in this testing. Another by the chemical spray,
interesting result indicates that even though the Okonite

!
!
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1.0 Introduction and Objectives

. _Amid allegations that cabics had been improperly handled - The specific program objectives were as follows:
and potentially damaged during installation at the Watts -
Bar and Sequoyah nuclear power plants, the Tennessee a. Assess whether high potential testing at
Valley Authority (TVA) proposed an in situ high voltage 240 Vdc/ mil causes damage to selected cables.
dielectric test program to assess whether installed cables . High potential testing of cables will be perfor!neo
had been damaged. Under agreement with the Nuclear . with the cables immersed in water.
Regulatory Commission (NRC), TVA disconnected
suspect cables from service, filled the cable conduit with b. Assess the minimum insulation thickness -
water, and performed a 240 Vdc/ mil dielectric withstand necessary for accident functionality aAer
test on the cables [3]. Cables passing this test were accelerated aging to nominal lifetimes of 40/60
assumed to be functional, while cables that failed this test years through aging and accident testing of -
were reph:ced. The NRC had objected to the testing of . damaged cables. !

,

- cables in air, but agreed to testing with the conduits
flooded with water prior to the high voltage application. c. Assess the voltage level necessary for a high
Plant operations personnel had objected to the use of water - potential test to detcet when the insulation

' in the conduits, but eventually agreed to perform the tests. thickness has been reduced to the minimum level .
Some results from the TVA testing were described in . as defined in objective b.
Information Notice 87-52 [3]. Concerns from the
Advisory Committee on Reactor Safeguards (ACRS), d. Assess whether high potential testing (at voltage
TVA, and internally at the NRC were raised that these - levels found in objective c.) causes damage to
high potential tests may be damaging cables and/or that selected sirgin cabics.
the technical basis for setting the test voltage was
inadequate. To resolve these concerns, a test program was e. Determine the relationship between cable length -
set up to assess potential damage resulting from high and de breakdown voltage.
potential testing and to examine the performance of
damaged cable in accident emironments.

3 NUREG/CR-6095
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2.0 Experimental Arrangement

2.1 Test Specimens determine if testing at the voltages defimed in Phase 11
damages cables.

Cable types were selected on the basis of material, usage
in nuclear power plants, and availability. Also taken into 2.2.1 Phase I
consideration were results from previous Sandia test
programs, specifically the Aging Degradation of Cables The objective of Phase I was to assess whether

Program [4,5,6]. Each cable type chosen was approved 240 Vddmil high potential testing of cables immersed in

for use in this test program by the NRC. Three cable water causes damage to selected cables. The

types were chosen for this test program: 240 Vddmil criterion is identical to that used in the TVA
testing. Ultimate cable breakdown voltage was the

1. Okonite Okolon #12 AWG single conductor criterion that was used to evaluate damage. A set of 60

cable insulated with 30 mils (0.030 in) of cables (20 of cach of the three types of cable), each 3-ft

ethylene propylene diene polymethylene long, was subjected to 24 cycles of 240 Vddmil high

(EPDM) insulation with a 15-mil bonded 3 Potential testing. Each cycle consisted of five minutes on

chlorosulfonated polyethylene (CSPE) jacket and five minutes off, giving a total of 120 minutes

(also called a composite insulation); energized and 120 minutes dcenergized. The intent of
this procedure was to simulate 240 Vddmil testing

2. Rockbestos silicone rubber (SR) #16 AWG Performed periodically during a cable's lifetime (although

single conductor cable insulated with 30 mils the cable was neither thermally nor radiation aged). This

of siliconc rubber and jacketed with a fiberglass set and a similar set of 60 virgin cables were then

braid; subjected to de breakdown testing (Because of the high de
breakdown voltage of the Okonite cab!cs, ac testing had n

3. Brand Rex #12 AWG, stranded single to be used for breakdown testing of these cables.). The

conductor cable with 30 mils of crosslinked breakdown voltages of the two sets of cable werc ,'

polyethylene (XLPE) insulation. compared to establish whether the 240 Vddmil alTected h
the ultimate breakdown of the cables.

'

Both the Okonite and Brand Rex cables are nuclear
qualified, while the Rockbestos cables are not nuclear The high potential testing was performed using a

qualified. The Rockbestos cables were the only silicone Hipotronics 880PL portable de tester with a range of

rubber product that we were able to procure for testing. 0-80 kVdc and a Hipotronics 750-2 ac tester with a range

Rockbestos does have a nuclear qualified siliconc rubber of 0-50 kVac. The current trip sensitivity setting for the

product, but we were previously unable to procure it ac and de testers was approximately 20 mA and 5 mA,

because of manufacturing and/or quality assurance respectively. High potential testing was performed using

problems. We did not reattempt to procure the nuclear ramp rates of approximately 1000 Vddsec or

qualified silicon rubber cable for this program because of 940 Vac/sec. The breakdown voltage was taken from the

time constraints. We obviously do not know how their peak meter reading prior to tripping the test set.

nuclear qualified product would have performed in the
testing described in this report. Results from previous tests at Sandia indicated that dc

testing results in more scattered data than ac high
Potential testing when testing damaged cable in the2.2 Test Strategy
presence of an ionized gas [2]. To address this
PMMy *n tedng in waw, two Monal sets of

The test program consisted of three phases. Phase I was
"" * #" *( " *# #I# * *" #8

the high potential testing of virgin cables to determine if . .

,a em mgm) wm tes@o
240 Vddmil testing damages cables; Phase 11 was the

" " '" " ' " "" "# E "" ' '
testing of intentionally damaged cables to determine the

# ' "E # " "' "*
voltage level necessary to detcet when damaged cables
will not survive aging and accident testing; and Phase 111
was the high potential testing of virgin cables to

I A tmied jacket is defined as a cablejacket wluch cannot easily
t e separated from the insulation. Possibly during natural aging or

- accelerated aging, ajacket initiaHy unbonded may effectively
become bonded.

NUREGICR-6095 4
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Experimental Arrangement
Table 1 Number of Samples for Each Test Condition of 2 weeks (336 hr), Arrhenius calculations gave an

aging temperature of 158'C (316 F). Because all

Number of samples were aged simultaneously, each material had a

Sampl.e:i different equivalent aging temperature for a 40 or
Cable Voltage Unaged Aged 240 60-year life. Table 2 gives the approximate equivalent
Type Aging Condition Minutes aging temperatures for 40- and 60-year lifetimes for each

Brand Rex 240 Vdc/milin Water 20 20 of the materials tested. The activation energies in the
XLPE 80 Vac/milin Water 15 15 table were either approximated from manufacturers' data

on the same or similar materials, or approximated from

Rockbestos 240 Vdc/ mil in Water 20 20 available literature. They should not be considered
Silicone definitive since actual material activation energies were

not determined.

Okonite 240 Vdc/milin Water 20 20
Okolon The activation energy for CSPE was estimated based on

the data in References 8 and 9. Three different
In addition to these tests, the relationship between cable flyPalon@ materials were tested in References 8 and 9:

length and dielectric withstand voltage was investigated. the insulation of a Kerite cable, thejacket of the same

A decrease in dielectric withstand voltage is expected as Kerite cable, and the innerjacket of an Anaconda cable.
cable length increases because of the random nature and In previous contacts, Kerite indicated that their

magnitude of cable imperfections. This concept is the insulation material is a considerably modified form of
premise of the " weak-link" theory. CSPE. In fact, Kerite stated that theirinsulation material

is not flypalon@, the trade name for DuPont's CSPE.

Previous tests at Sandia indicated that the decrease in However, the testing in References 8 and 9 indicated the
withstand voltage might be greater than expected when Kerite material is very similar to other Hypalons@ and
testing cables in the presence of an ionized gas with ac the term Hypalon@ is used in Referuces 8 and 9.
voltages [2j. To briefly examine whether such an effect Because base Hypalon@ is known to degrade in thermal
might occur with de testing in water, threc longer lengths aging much faster than materials such as EPR and
of Brand Rex cable were tested (in addition to the 3-ft XLPO, it is not at all surprising that Kerite would
long samples). Two samples were 25-ft long and one significantly modify it for use as their cable insulation.
was 50-ft long. The data from the longer cable lengths However, thejacket would not be expected to have as
were then compared statistically with the data from the much modification on either the Kerite or the Anaconda
shorter cable lengths. cables. Thus, we feel thejacket materials should be most

representative of the Okonitejacket. The activation
2.2.2 Phase II energies in References 8 and 9 for thermal aging only are

24fl kcal/ mole (1.0410.04 eV) for the Keritejacket,
Phase 11 consisted of aging and accident testing of 31 25 kcal/ mole (1.08 eV) for the Anaconda innerjacket,
intentionally damaged cables (10 each of Brand Rex and and 21i2 kcal/ mole (0.9110.09 eV) for the Kerite
Okonite, and 11 of Rockbestos) to assess the minimum insulation. Giving more weight to thejackets than the
insulation thickness necessary to give reasonable Kerite insulation, 1.04-1.08 eV seems to be a reasonable

confidence that the aged cables would survive during choice for the Okonitejacket. The difTerence between the

accident conditions. The radiation aging was performed 1.04 eV and 1.08 eV is quite small and the lower value

in Sandia's Low Intensity Cobalt Array (LICA) facility in was selected for this test program.

a stainless steel test chamber surrounded by Cobalt
pencils arranged in a configuration to meet desired test The accident radiation exposure consisted of 110 Mrad

conditions. Thermal aging followed the radiation and was performed concurrently with the aging radiation
exposure and was performed in the same test chamber exposure. The desired dose rate during radiation
(out of the LICA pool), with electric circulation heaters exposure was approximately 300 krads/hr for 433 hours
used to maintain the temperature within the chamber. to achieve the total radiation exposure of 130 Mrad.

Air was introduced into the chamber during both Actual dose rates in the chamber were determined by
radiation and thermal aging exposures to maintain using 50 thermoluminescent dosimeters placed around

ambient oxygen concentrations. The nominal plant the mandrel on which the cables were mounted in the test
radiation aging simulated was 20 Mrad. chamber. The cobalt pencil configuration produced a

mean dose rate of 297.2 krad/hr with a 1-o sample
The thermal aging conditions were chosen to give a standard deviation of 23.9 krads/hr. The desired j
60-year equivalent life at 65 C for a material with an temperature during thermal aging was maintained by two

i

activation energy of 1.00 eV. With a selected aging time circulation heaters and the test chamber was insulated to J

5 NUREG/CR-6095
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Experimental Arrangement

Tahic 2 Approximate Equivalent Aging Temperatures for 40 and 60 Years

40-yr 60-yr
Aging Aging Time Activation Ambient Ambient

Cable Type Temperature Hours Energy Temperature Temperature
(* F/*C) (cV) ("F/*C) (* F/*C)

Okonite 316/158 336 1.04 162/72 154/68

CSPE
Okonite 316/158 336 1.10 169/76 162/72

EPR
Brand Rex 316/158 336 1.37" 192/89 187/86

XLPE 0.91'# 145/63 136/58
1

Rockbestos 316/158 336 2.55' 244/118 241/116
SR 0.91" 145/63 136/58

# Value from data in manufacturers repwt.
#8 Value for Brand Rex XLPO from Reference 7.

Value from data in manufacturers report on nuclear qualified silicone rubber cable.
Value used for silicone rubber cable in Reference 8 (same cable as used in this test program).

to minimize heat loss. During the thermal aging exposure, computer system automatically monitored the insulation
the temperature inside the chamber was monitored by 20 resistance of each cable at intervals ranging from 10
type K thermocouples. seconds to 10 minutes during the LOCA simulation.

After completion of the aging and accident radiation and Following completion of the LOCA simulation, those
the accelerated thermal exposure, the cables were exposed cables that survived were subjected to the following
to a LOCA simulation similar to the test profile specified dielectric tests until failure of the cable was observcd:
in Figure Al ofIEEE STD 3231974 Standardfor

.

'

Qualifying Class JE Equipmentfor Nuclear Power 240 Vdc/ mil for five minutes bcscd on the lowest }e

Generating Stations [iO]. No chemical spray was used remaining amount ofinsulation as measured by
during the accident exposure. The LOCA exposure pre-test x-rays or by diameter measurements;

,

followed the IEEE STD 323 1974 temperature and q
pressure profiles for the first four days. After the first four 240 Vdc/ mil for five minutes based on the j.

days, the temperature and pressure were not decreased nominal cable insulation thickness; and I

according to IEEE STD 323-1974. Rather, they remained H
'at the same level for an additional six days, giving a total ultimate breakdown voltage.e

test duration of ten days. This abbreviated test is
substituted for a longer test at reduced exposure levels with The LOCA test failures were assessed to determine a
the understanding that the two tests are not necessarily criterion for approximate remaining cable insulation
technically equivalent. The EQ-Risk Scoping Study [11] thickness necessary for cable functionality during accident
indicated that equipment operability is most important conditions. To determine the voltage necessary to detect
during the initial few days of an accident. The study uhen less than the minimum thickness ofinsulation
concluded that "PRAs [probabilistic risk assessments) remains, cables were milled to varying thicknesses and
calculate that equipment function only has high risk tested to breakdown. The resulting voltage levels were
significance if the equipment operation occurs during the then used for the Phase 111 testing.
first few days after accident initiation. Hence, PRAs only
model plant accident response for the first 24 to 48 hours." 2.2.3 Phase III )
Thus, use of results from a test having an accelerated
post-accident phase appears to have relatively little risk The objective of Phase III was to assess whether high
significance. potential testing at the voltage levels defined in Phase 11

causes damage to selected virgin cables. As in Phase I,
The cables were energized at 110 Vde, O Amps during the ultimate cable breakdown voltage in water was the
LOCA test. Each cable was individually connected to a criterion used to evaluate whether damage had been done.
1 A fusc. The fuse was sized to protect the power supply A set of virgin cables was subjected to high potential
when gross failure of a cable occurred. A data logger and testing at the voltage determined in Phase 11 for six cycles

NUREG/CR-6095 6
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Experimental Arrangement

of five minutes on and five minutes off, for a total of 60 locations on the cables were located near the metal vertical
minutes. Breakdown voltages of these cables were supports on the test mandrel.
compared to the breakdown voltages of the unaged cables
from Phase I to establish whether the vohage cycling

Table 3 Cable Numberine Scheme and Damane
affected the ultimate breakdown of the cables.

Estimates for Cables Tested in thh Test Procram

2.3 Sample Preparation cable Type cable Mils of
Number Insulation

No special sample preparation was needed for Phases I and Removed

111. Samples were cut in 3-ft lengths with one end having 2 ngeP

a Raychem heat shrinkable endcap. Samples were cycled Brand Rex 1 20.5-22
under defined conditions and tested to breakdown in a XLPE 2 19.5-25
2.1-in inner diameter (ID) conduit that was filled with 3 24-27
water. 4 24.5-27.5

5 25-26
Sample preparation for the Phase 11 aging and accident 6 24
exposures required approximately 60 fl of cable per 7 22-23
sample. Ten samples of the Okonite and Brand Rex cables 8 20
and eleven samples of the Rockbestos cable were tested. 9 0
All of the cables, except a virgin specimen of each type, 10 15
were damaged at five locations. A miniature lathe with a Rockbestos 11 14.5-18.5
high speed grinding attachment was used to produce a Silicone 12 20-26.5
nominal one-inch length of damaged insulation as shown Rubber 13 17.5 24
in Figure 1. The cables were mounted in a V block 14 22.5-23.5
clamping device in the lathe cross-feed, which is 15 20.5-21
adjustable in 0.001-in (1-mil) increments. Hence, the 16 17-19.5
depth of cable damage can be controlled to a few 17 17-17.5
thousandths of an inch. The length of the damage area 18 10-1I
was controlled by the longitudinal feed on the lathe. Light 19 14.5-15.5
clamping pressure was used during milling to hold the 20 0
specimens in place. This pressure is well below the level Okonite 21 24-26
required to damage the cables. Damage extent on the Okolon 22 '!3.5-28.5
Reckbestos cables was difficult to reproduce because of the 23 19.5-24.5
eccentricity between the insulator and conductor. In

24 22.5 24.5
addition, as the damage to the Rockbestos insulation

25 16 27
increased, the insulation casily tore. Thus, heavily 26 20-24
damaged insulation (<5 mils remaining out of a nominal 27 17.5-24
30-mit wall) was not easily induced by our damage 28 22-27
technique. The extent of damage at each location was

29 15-15.5
confirmed by measuring the cable diameter before and

30 0
after the milling operation and/or by selected x-rays of the

Rockbestos 31 17-21
sample and/or by post-test thickness measurements using Silicone
an optical comparator. The cable numbering scheme,

Rubber
together with various thickness measurements range is
given in Table 3 along with the nominal damage range ' Based on pre. and post-diameter measurements; all cables had nominal

based on diameter measurements. 30 mus dinsulati n and wem intentionauy damaged in Gie locations.

The cables were then wrapped around a 12-inch diameter

mandrel mounted in a test chamber. The section of cable 2.4 Environment Monitoring
with the five damaged sites was approximately 1.5 m (5 ft)
long within the chamber; the lead wires inside the Twenty type-K thermocouples were placed near the cables
chamber were about another 1.5 m long (varies slightly to record temperatures. The thermocouples were
depending on the position of the cable in the test monitored via an HP3497A data logger. The pressure
chamber); and the remaining cable length (approximately inside the test chamber was also monitored during the
50 ft) wu used for external connections. The damaged accident steam exposure using a Heise pressure gauge.

7 NUREG/CR-6095
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Experimental Arrangement

2.5 Insulation Resistance are referred to as continuous irs, although in reality they
are not continuous. The continuous irs are quite accurate
f r resistances as low as 100 O. However, accuracy for

Insulation resistance measurements were made prior to 7

and after radiation aging and after thermal aging using a
high resistance measurements (>10 0) is limited by the

7

Keithley 619 electrometer connected to a computer-based
design of the system [4]. (irs above 10 Q for a 3-m

data acquisition system. A thorough explanation of the length of non-coaxial cabic would be expected to have
little adverse effect on nuclear power plant circuitry.)

Keithley electrometer IR setup, procedures, and limitations
can be found in Appendix A of Reference 4.

Using the Keithley electrometer setup, IR measurements
were made at several times during the accident steam

During the accident steam exposure, a data logger and exposure. These irs were performed at voltages of 100
and 250 Vdc for I minute, and can accurately measure IR

computer system automatically monitored the insulation
resistance of each cable at discretc times, ranging from 10 values up to approximately 1012 g,

seconds to 10 minutes between measurements. These irs
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Figure 1 Lengthwise Cross-Sections of Samples With 30,15,7 mils of insulation Remaining
(NOTE: Only Okanke Samples liase the Additlimal 15-ndl Bonded CSPE Jacket.)
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3.0 Test Results

3.1 Phase I Results ac and de tests did not produce significantly difrerent
amounts of scatter in these tests. Note that the de-to-ac '

The results of the Phase I testing indicate the differences breakdown voltage ratio is about 2.0 for the Brand Rex
cables, somewhat below the conventional 3-to-1 ratio that

in breakdown voltage between cycled and uncycled cables
for each undamaged cable type. Following the 24 cycles is typically used to compare de and ac testing. The same

ratio for the Okonite cable is no less than 2.55 ~of voltage aging at 240 Vdc/ mil, all cables were tested to
breakdown using the de test set except for the Okonite (>80 kVdc/31.4 kVac).

c;bles. Because the Okonite cables had breakdown
The results from the tests to assess whether breakdown ,voltages over 80 kVdc (based on the first 12 samples

tested), they were tested to breakdown using the ac test voltage decreases with length indicated that the 3-ft cable

set. The additional set of 15 Brand Rex cables was also results (40 samples, for a total length of 120-ft) did not

tested with ac applied voltages differ appreciably from the longer length cable results (3
samples, for a total length of 100 ft). For this -

Table 4 gives the mean and 95% confidence intervals for Comparison, the " weak-link" theory indicates that the

the differences between breakdown voltages of uncycled lowest breakdown of each group of cables should be

(virgin) and cycled cables. The statistical data in Table 4 roughly the same. The lowest breakdown voltage of the -

are based on the assumption that the breakdown voltages 3-ft samples was 44 kVde,' while the lowest breakdown

are normally distributed. Note that, except for the _ voltage of the three longer samples was 45 kVdc. ' Of -

Rockbestos cables, all of the confidence intervals include course the average breakdown of the 3 ft samples was

0, indicating that the difference between mean higher (62.0 kVde, including both the cycled and the

. breakdown voltages of cycled and uncycled cables cannot uncycled samples) than the average breakdown of the -

be considered statistically significant at the 95% longer lengths (55.6 kVde), again in accordance with the
,

confidence level. It may also be concluded that, with " weak-link" theory. Thus, these limid de tests in water i

95% confidence, the differences between the mean do not suggest any unexpected cable length effect

breakdown voltages of uncycled and cycled cables do not :(although the expected effect is present).'

exceed 9.2 kVdc or 4.1 kVac for the Brand Rex cables,
2.0 kVac for the Okonite cables and 3.1 kVdc for the 3.2 Phase II Results
Rockbestos cablesf Note that two of the differences in
means were positive and two were negative. Based on

3.2.1 Thermal and Radiation' Agingthe above data, high potential testing at 240 Vdc/mit does
not significantly change the ultimate breakdown voltage
of the tested cables. For the Phase II testing, the total radiation dose ran' edg

from 95-145 Mrad (because of gradients in the test

In the tests to compare the scatter of ac versus de testing, chamber). ' All of the cables had at least 120 Mrad total

the standard deviations of the de breakdown voltages dose to some part of the cable. The chamber was not

compared to the means were 10.6% for cycled cables and r tated during the radiation aging. No test anomahes

13.8% for uncycled cables. The standard deviations of ac were reported during the irradiation period. Temperature

breakdown voltages compared to the means were 10.7% gradients durmg thermal aging were limited to about

for cycled cables and 12.6% for uncycled cables. Thus, *7 F(14 C). Figure 2 shows the temperature during

Table 4 Breakdown Voltages and 95% Confidence Intervals from Phase I j
1

Cable Type / Uncycled Cycled Differencein Means & Number of.
Test Type Breakdown Breakdown 95 % Samples

(Mean kV) (Mean kV) Confidence Interval Tested
(kV) - Uncycled/ Cycled

Brand Rex /ac 29.2 27.5 -1.7 * 2.4 15/15
Brand Rex /dc 59.7 64.2 4.5 * 4.7 20/20

Okonite/ac 31.4 31.8 0.4 * 1.6 20/20 !
Rockbestos/dc 38.6 36.8 -1.8 * 1.4 20/20

i
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thermal aging. Note the drop in temperature at test failures, the NRC issued Information Notice 92-81
approximately 6 days. This anomaly in temperature was [12]. The other two cable types (Brand Rex and
caused by a failed electric circulation heater. The Rockbestos) did not have cracks in the inxilation,
defective electric circulation heater was removed while
the remaining electric circulation heater maintained the 3.2.2 LOCA Simulation Resuhs
chamber temperature above 100 C until a new electric
circulation heater was added to restore the chamber to the Following aging, the cables were subjected to the LOCA
desired temperature. The drop in temperature existed for simulation. The temperature and pressure profiles
approximately 24 hours. The thermal aging was during the LOCA simulation are shown in Figures 4 and
extended by 24 hours to compensate for this anomaly. 5, respectively. Plots for the first 24 hours of the accident
The effect of this anomaly is an insignificant increase in simulation are shown along with overall test profiles.
the total thermal aging. The IR of each cable during the accident simulation is -

shown in Appendix A. The power supply energizing the
180 test cables failed unexpectedly at approximately 30 hours

into the LOCA simulation. A new power supply was
170 - installed at approximately 46 hours into the LOCA

160 -
Q simulation-this accounts for the brief transient noted in

-~ A.A u many of the insulation resistance graphs. The only effect

{150 ~
'

of the failed power supply was a loss of continuous IRN

data during the outage.

140 -

Because of the cracks in the Okonite cables, we expected

hg . that all the damaged Okonite cables, except for the

|_d undamaged cable and the cable with the least amount of4

[/
-Average damage, would fail early in the LOCA test. In fact, the120
-Minimum undamaged cable was one of the first cables to blow a

110 -Maximum 1 A fuse aller the chamber environment became saturated
steam at approximately 11 hours from the start of the
LOCA exposure. (The undamaged cable blew its fuse at100 w '- '-> ' ' '

,

0 50 100 150 200 250 300 350 400 about 14 hours into the test as shown in Table 5.) The
Ilours last surviving Okonite cable sample blew its 1 A fuse at

i

approximately 182 hours into the LOCA simulation. 4
Figure 2 Thermal Aging Profile Other cables that were known to have cracks through to

. the conductor did not blow 1 A fuses until as late as
After completion of the thermal aging, a visual

137 hours into the LOCA test. Had chemical spray been
mspection revealed that all of the (intentionally)

present during the test, these cables would have almost
damaged Okonite cables had developed cracks in their

certainly all blown fuses earlier because of the enhanced
msulation and/orjackets. The virgin sample did not i

ground planc. These failures would probably have
appear to have any signs of cracks. Most of the cracks

occurred soon after the chemical spray was started. h

were adjacent to the damage locations, but outside the
damaged area. Figure 3 is a photograph of these cracks

An analysis of the IR data of the Okonite cables
in several of the Okonite cables. The cracks were

(including the data in Reference 5) suggests that by the
circumferential and most were through to the conductor,

beginning of the second transient, the undamaged
although some cracks were apparent only in the CSPE

Okonite cable had cracked. Undamaged cable in
Jacket (especially on the cable with the least amount of

Reference 5 had virtually identical IR behavior during
damage). No cracks through to the conductor were noted

both initial high temperature peaks while the undamaged
on the cable with the least amaunt of damage. The exact

cable in this program (Figure A-59) had irs more than
cause of the cracks is unknown, but a major factor

an order of magnitude lower during the second high
appears to be thermal aging of the bondedjacket

temperature peak. Based on the long time that it took for
material, followed byjacket cracking that propagated to

the fuse to open (about 40 hours) after the first indication
the insulation. The bending of the cables around the test

ofIR degradation on Okonite conductor #43 in
mandrel also appears to be a sigmficant factor. The

Reference 5, it is further evident that the longitudinal
cracks were clearly not caused by sample preparation or

cracking of the other Okonite cables almost certainly
. handling during testing. Samples were carefully

occurred prior to opening of the circuit fuses. When a
prepared using minimal clamping pressure and inspected ,

cable splits longitudinally (as all the Okonite cables did), |
after milling. There was no sample handling after aging.

the geometry changes and the IR degrades until complef !

Because of these failures and other subsequent accident
J
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Figure 3 Cracks in Okonite Insulation After Thermal Aging

180 180

h160 160t

\
'

LOCA Temperature,

go Profile (Average)140

{120
----

{120
-

'

j j100 100

( 80 - LOCA Temperature ( 80
e Profile (Average) e
#2 s2

40 -

40 -

g

20 -

20

0 0 ''h' ' ' '' ' ' ' ' '' ' ' ' ' ' ' ' '

0 2 4 6 8 1012141618202224 0 24 48 72 % 120 144 168 192 216 240 264
llours IIours

Figure 4 LOCA Simulation Temperature Profiles

failure occurs. Because no chemical spray was used in Rather, any cable that demonstrated crratic IR behavior
these tests and because actual geometry would be during the LOCA simulation should be considered
unknown in a real application, the exact timing of the IR vulnerable to failure even prior to blowing the 1 A fuse.2
behavior should not be considered generally applicable.

,

|

| 2
in a steans environment, a cable with a crack through to the conductor

behaves much hke a terminal black (in the sense that power and gror d are-

only separated by the environnwnt), with IR very dependent on gec otry
and environment. Some theoretical considerations regarding terminal
block IR are given in Reference [13].
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Figure 5 LOCA Simulation Pressure Profiles

It was esident during the post-LOCA inspection that the discussion of test sequence, which was also different
Okonite cables had clearly deteriorated grossly during the between the two test programs). Thus we strongly believe
LOCA exposure. All the Okonite cables had longitudinal that the level of thermal aging used in this test program
cracks over much of their length, exposing the center was the single most important environmental factor that
conductor as shown in Figure 6. In addition, identical caused the Okonite cables to fail. Note that the data in"
undamaged single conductor Okonite Okolon cables that Figure 10 of Reference 8 for Hypalon-C suggests that this
were used as cable ties in the test chamber exhibited the material would have an elongation of only about 20%
same type of extensive longitudinal cracking. Because of absolute after 4 days of aging at 158*C. ' After two weeks -
the nature of these failures and comparison with previous at 158 C, the Hypalon is expected to have no residual
testing (discussed later), we belicyc that the failure rate of clongation (even without any radiation application).
the Okonite Okolon cables under our test conditions is
essentially 100%. Because of their unexpected failures, no In the previous testing [5], one of four Okonite cables h
data for the minimum insulation thickness necessary to failed during a LOCA simulation after aging for 9 months 4

sunive aging and accident tests can be determined for the at about 98'C (208'F), while none of three cables failed
Okonite cables. The observed failures were very similar in during a LOCA simulation after aging for 6 months at
appearance to a failure of an Okonite cable and several 98 C (208 F). In both cases, radiation aging was
failures of another cable that had bonded CSPE jackets in performed concurrently with the thcrmal aging. The l

i

presious testing at Sandia [5]. equivalent 40-year aging temperatures corresponding to
the 9- and 6-month aging exposures arc $7 C (135'F) and

Based on a comparison of the experimental conditions in 54'C (129 F), respectively, assuming an activation energy
this test programs and Reference 5, the only significant of 1.04 eV (which corresponds to an approximate
difference that could affect the undamaged cables as well activation energy for the Okonite CSPEjacket). Thus, in
as the damaged cables appears to be the increased thermal an approximate sense, we can say that after the equivalent
aging used in this program (see Appendix B for a ,

Table 5 Times When Okonite Cables Blew 1A Fuses *

Cable Time of Cable Time of
p Number Blown Fuse Number . Blown Fuse

j (hours) (hours)

} 21 102 26 90
'

22 137 27 122

23 50 28 97

24 11 29 182

25 81 30 14

* Interpretation of the times when fuses New must be &me with caution (see Section 3.2.2).
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Figure 6 Okonite Cable Failures After LOCA Simulation

of 40 years at 54 C (129 F), O of 3 cables failed; after the temperature point on a given curve represents the same
equivalent of 40 years at 57'C (135 F), I of 4 cables thermal aging as any other point on the same curve. Thus,
failed; and after the equivalent of 40 years at 76 C for example, at 50 C for 60 years, no failurcs would be
(169 F), all of the tested cables failed. Based on this data, expected; at 54 C for 60 years, some failures would be
it is reasonable to conclude that after aging at 54 C cxpected; and at 68 C for 60 years, almost certain failure
(129 F) for 40 years (and assuming an activation energy of would be expected (with the radiation and accident profile

{
1.04 eV), the cables are likely to survive accident testing, used in this testing). 1

Beyond 55 C (131 F) normal temperature for d') years, the
probability of failure during an accident inacases and by In addition to the Okonite cables, five Brand Rex and two
72 C (162*F) for 40 year.;, hi|me appears almost certain Rockbestos cables that had been (intentionally; damaged
(for the radiation exposure dose and accident profile used Prior to aging also blew their 1 A fees during the LOCA
in our testing). Appendix B includes some discussion of simulation. The failures of the Brand Rex and Rockbestos
the effect of the radiation exposure and the approximate cables during accident testing were all at damaged
equivalent thermal aging if radiation had not been locctions. The damage locations were cut from the cable,
included. cross-sectioned as close to the breakdown location as

possible, and the insulation thickness was measured using
To apply the data to lifetimes of other than 40 years, the an optical comparator. Tables 6 and 7 give a summary of
Arrhenius theory can be used to equate the test conditions the performance of the Brand Rex and Rockbestos cables

to a temperature for any given lifetime (or conversely, a in the LOCA tests. The nominal remaining insulation is
lifetime at any given temperature). This is shown in based upon diameter measurements during milling. The
Figure 7, where the thermal aging data from the previous optical measurement was performed after LOCA testing.
testing and the current testing is compared, using an From Table 6, it appears that 7-mils is about the minimum i

activation energy of 1.04 cV. The top curve is based on insulation thickness necessary for Brand Rex cabic
the current testing and is obviously the most severe of the functionality during accident conditions after aging to the
thermal aging conditions. The middle curve corresponds conditions used in this test program. Cable 4 exhibited
to 9 month of aging at 98 C (208 F) and the lower carve signs of failure in 4 out of 5 damage locations; thus, the

corresponds to 6 months of aging at 98 C (208 F). data for cable 4 in Tabic 6 is reported as a range of
Assuming the Arrhenius theory to be valid, any time. remaining insulation thickness. Cabics 2 and 6 both

13 NUREG/CR-6095
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* A'' Mvie cables failed.
" !- Nnonite cables failed
'" 0 ot'3 Okonite cables failed.

Figure 7 Equivalent Time-Temperature Corresponding to the Thermal
,

Aging in this program and Previous Sandia Testing i

Table 6 Summary of Brand Rex Cable Data

!

Nominal Post LOCA Remaining .
Remaining X-ray dielectric Insulation Breakdown

Cable # Insulation (YES/NO) Breakdown Optical Voltage * *

(mils) Voltage (Vde)* Measurement (Vde/ mil) ;

(mils) |
|1 3 Y Failed Immediately 4.5 - --

2 4 Y 960 3.0 320 !

3 3 Y Failed Immediately N/A
4 2.5-6 Y Fuse Blown 229 hrs 6.3 -

5 2.5 Y Fuse Blown 141 hrs 4.4

6 3 Y 500 5.6 89 ,

7 8 N Failed Immediately 3.9 ---

8 10 N 2400- 7.7 310- j

9 30 N 58000 N/A 1900*** |
10 15 N 28000 12.7 2200 !

.
For those cables that blew the 1 Amp fuse during the LDCA simulatinn, the hour that the fuse opened was recorded as the failure tirne.

"
nis data is based on remaining insulation thickness. Thickness is based on best available measurement using optical, x-ray or diameter
measurements, in order of preference.

"
Based a nominal insulation thickness of 30 mils.
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Table 7 Summary of Rockhestos Cable Data

Nominal Post-LOCA . ' Remaining .
Remaining . X-ray . dielectric. Insulation Breakdown -

Cable # Insulation (YES/NO) Barakdown : Optical J _ Voltage ** '

(m;is) . Voltage (Vde)* - ~ Measustment ' (Vde/ mil)
.!: (mils)

11 11.5 N 3400: .16.5 - 210 " *
i. 12 19. Y 2200 18.9 - 120"* !
l

13 12.5 N 21500 21.6 1000
14 17.5 Y Failed Immediately '20.9
15 20- N 23000 9.2 2500;

'

16 19.5' N 6800 3.9 1700: ,

17- 17 N Fuse Blown 175 hrs N/A l
i 18 19 N 33000 13.2 . 2500* " . .

'19 E ! N 31000- 13.5 :2300 .|
20 30 'N 50000 ~N/A. ' 1700"* * ~ '

31 5- N 8100 ~ 5.3 1500 ,
*

For those cables that blew the 1 Amp fuse during the LOC i simulation, the hour that the fuse opened was recorded as the failure time.
,

This data is based on remaining insulation thickness. nickness is based on Nst available measurement using optical, x-ray, or diameter measurements,
'

in order of preference. - j
These cabl:s did not break dowm at damaged locations, but the Vdc/ mil is based on the optical measurement of thickness at the damage location i

nevertheless. He fact that the cables did not break down at damaged locations indicates that the given level ofdamage is no worse than worst case
" random defects".

|
Based on nominal insulation thickness of 30 mils. Actual insulation thickness was probably lower, whien would have resulted in higher breakdown voltage ' >

per mil.

|

| passed the LOCA test with less than 6 mils ofinsulation much as 10 mils or more; for example, see the error.in the '

j- remaining; However, these cables failed very early in measurement ofcable 15 ).
'

dielectric testing (discussed later), indicating that they may
have failed during the LOCA if ac voltages had been In contrast to the two cable failures, several Rockbestos

. ..,

applied and/or if the applied voltage had been higher (but cables sunived the accident test with insulation
still within the rating of the cable). thicknesses ranging down to 3.9 milsi Because the only j

,.
. . failures occurred with about 15-20 mils ofinsulation . )'

Table 7 indicates that the two Rockbestos cables that failed remaining and because all five cables with less than
! during LOCA exposure had approximately 17-21 mils of 15 mils ofinsulation remaining sanived the accident test, ,i

insulation remaining. These two Rockbestos cables began the reduced insulation thickness.was probably not the most
to show degradation during the accident test at about 26 critical factor in the failures. Her,tever, it must be noted

q

;

hours (cable that blew 1 A fuse) and 212 hours (cable that that the cable that blew a 1 A fuse during the LOCA - !

did not blow a 1 A fuse). Only one of these cables , - exposure and the cable that failed immediately during the -
- underwent pre-test x-rays to confirm remaining insulation post-LOCA dielectric test both had failures occur at

4 estimates, with the x-ray indicating a minimum remaining damaged locations, indicating that the reduced insulation
thickness of 17.5 mils. The actual failure point of this was at least an important factor in the failures. - The results
same cable was measured as 20.9 mils with the optical - suggest that if this silicone rubber is used at somewhat
comparator after the test (note that the actual failure point lower thermal and/or radiation aging conditions, it might .;would not necessarily be the point of minimum insulation be expected to sunive accident testing for cables with - .j
thickness). AAct the accident, the remaining thickness on 4 mils or more of remaining insulation. It is even possible . l

, the other sample could not be determined because of severe that cables with less remaining insulation would sunive'
}' degradation at the failure point. Unfortunately, this cable since all of the tested cables with less than 15 inils of .
L was not x-rayed before aging and the only measurement of insulation sunived the accident testing. During sample |

,

L
insulation thickness is based on the diameter preparation, we found that when the insulation was milled

!measurements during milling. Because of the strong below a certain point (approximately 25 mils ofinsulation |
l eccentricity of the Rockbestos SR cables, this latter removed), the insulation tore and exposed the canductor,
[' measurements can be significantly in error (perhaps by as

.. 15 NUREG/CR-6095
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thus, we were unable to casily mill samples to remaining tests, neither of these two cables had any indication of

insulation thicknesses less than 5 mils. problems during the LOCA simulation. There appears to
be a cicar difference in breakdown voltage in Vddmil

Several of the Rockbestos conductors tested had some between the Brand Rex cables with less than 8 mils of
unusual IR behavior during the accident exposure (Figures insulation remaining and those with greater than 12 mils i

A-22, A 26, A-30 A-38, and A-62). The IR remaining. With less than 8 mils remaining, the ]
measurements were nevertheless almost always above breakdown voltage did not execed 320 Vddmit, while |

10 0 for all of these cables. Based on the consistency of above 12 mils the breakdown voltage was not less than |6

the redundant IR measurements in this program as well as 1900 Vddmil.'

with the data in Reference 6 (the values in this program
have to be divided by about 50 to give the O-100 m units 4000

in Reference 6) and the lack of similar unusual reading for e Brand Rex I
any other cables tested, we must conclude that the

= Rockbestos SR
observed IR behavior is real. Because similar behavior B
was not noted in Reference 5, we are led to the conclusion 3000 -

that the unusual IR readings have something to do with the $
" "

8fact that the cables were damaged, although we do not
have any reasonable explanation for the mechanism b]ga es ,

f behind the unusual readings. og2000
- o

,

|~ -

.b "

! 3.2.3 Post-Accident Dielectric Tests T
6!

1000 - a
Following completion of the accident test, surviving cabics
were subjected to the following dielectric tests until failure
of the cable was observed. Cables remained on the A N ;g
mandrel for the dielectric test except for the Okonite a. .,. .m,,, ,.

0cables, which were removed because of their total failures.
0 5 10 15 20 25 30

a. 240 Vdc/ mil for five minutes based on the Remaining Insulation (mils)'

lowest nominal remaining amotmt of ;
'

insulation. See Figure 8 curve A. Figure 8 Diclectric Strength Based on Nominal
Remaining Insulation Thickness

b. 240 Vddmil for five minutes based on the
nominal cable insulation thickness (7200 Vdc

,

| for all cab!cs tested). Sec Figurc 8 line B. After the accident exposure, the silicone rubber cables
were very fragile. The silicone rubber cabics all had

| c. Ultimate breakdown voltage, breakdown voltages of at least 1000 Vddmil except

! cable 12, which had a breakdown voltage of 120 Vddmil.

The results of these post LOCA breakdown tests are given Note that cable 12 had no indication of degradation during

| in Tables 6 and 7. Figure 8 presents the dielectric strength the LOCA cxposure. Cables 11,12, and 18 did not break -

data in Vdc/ mil of remaining insulation versus remaining down at damage locations. Cable 11 broke down at a'

| insulation thickness for the Brand Rex and Rockbestos location away from any damage, while cables 12 and 18

cables. Note that the two Brand Rex cables that passed the broke down in locations adjacent to a damage area. When

accident test with less than 7 mils ofinsulation remaining cable 12 was inspected aner the breakdown, a crack vias

(samples 2 and 6) both had breakdown voltages less than found adjacent to a damaged area. It is possible that this

the 600 Vac rating of the cable (considering 600 Vac to be cable was accidentally bumped and damaged during the
,

'

equivalent to 1800 Vdc). In addition, the breakdown removal of the Okonite cables from the test mandrel (the

voltage in Vddmil for these two cables was much lower Okonite cables were removed from the mandrel prior to

than the expected breakdown voltage of this material after the breakdown testing of the remaining cables), causing

LOCA (i.e. about twoo kVac for an undamaged cable [6] the premature breakdown. However, the fact that the

| or the equivalent of about 1800 Vddmil). If the cables had breakdown voltage was over 2000 Vdc tends to indicate

been energized with ac potential and/or if the applied that damage was not donc during removal, since any

- voltage had been higher (but still within the rating of the damage done during removal would be expected to cause

cable), it is possible that these cables would have also through-wall cracks [5]. Rather, the crack was probably

failed during the accident exposure. However, unlike the induced when the cable broke dowrt Similar behavior was

cables that immediately failed the post-LOCA dielectric observed with a Karite cable in previous Sandia tests when

| NUREG/CR-6095 16
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the cable was subjected to post-LOCA bends and high with voltage applied and 30 minutes without voltage 1

| potential testing [6]. applied). The cables were then tested to breakdown in a ,

'2.1-inch ID conduit filled with water. Table 8 gives the
mean and 95% confidence intenals for the breakdown

3,3 Phase III Results voltages for these cycled cables and the virgin cables from
.. Phase I. Note that the difference in means is positive, i

The results from the Phase III testing show the differences indicating that cycling did not appear to adversely affect
in breakdown voltages between Brand Rex cables cycled at the breakdown strength of the cables. However, it should
35 kVdc and the uncycled Brand Rex cables from Phase I. be noted that the Brand Rex cables tested in Phase III were

j The 35 kVdc cycling voltage criterion was determined by from a different rect of cable than those tested in Phase I,
j examining the results of numerous breakdown tests of Thus, one possible explanation for the unexpected increase

damaged (milled) Brand Rex cables as shown in Figure 9 in breakdown voltage after cycling is reel-to-reel
and from previous Sandia tests [2]. The 35 kVdc test variations.

'

,

i voltage will detect when Brand Rex cables have insulation
i damage greater than 23 mils provided that the cables arc

,

tested in water. Twenty-five cables were cycled as in

Phase I for a total of 60 minutes at 35 kVdc (30 minutes

Table 8 Breakdown Voltages and 95% Confidence Intervals from Phase III

|

'

Cable Type /. . Uncycled Cycled Difference in Number of'
Test Type Breakdown Breakdown Means & 95% Samples Tested -

(Mean kV) (Mean kV) Confidence Uncycled/ Cycled ~ .|
Interval (kV)

. Brand Rex /DC 59.7 69.4 9.7 * 4.0 20/25

|

)
|

|

!
kVdc

! 70

65

60
' 55

50
i 45

**40
* *35 + y' 'w y

*30 '\ *# '* #
25

'

20
*15

10'

5
#'l 0 ' ' ' '

15 17 19 21 23 25 27 29i

Mils Removed

Figure 9 Breakdown Voltages for Damaged Brand Rex Cables Tested in Water
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4.0 Conclusions,

|
|

| The following conclusions may be drawn from this d. The major causes of the Okonite cable failures

i program: seem to be the extent of the thermal aging and the
presence of a bonded CSPE jacket that ages more

a. Brand Rex XLPE cables milled to 7 mils of rapidly than the underlying insulation. The tested
insulation remaining (compared with a nominal cable was rated for 40-year operation at 90 C
30 mils ofinsulation for an undamaged cabic) are (194*F), while our testing simulated only about,

| likely to survive in sn accident after tliermal and 72'C (162*F) for thejacket and 76 C (169 F) for
j radiation aging to the conditions defined in this the insulation, using the activation energies given
i test program. A high potential test at 35 kVdc in Table 2.
j was required to detect this level of damage.
I c. In a limited set of testing with applied de
i b. Rockbestos SR cables milled to have as little as voltves, no unexpected length effects were noted.

| 4 mils ofinsulation remaining (compared with a S .;. effects had been suggested in presious ac

| nominal 30 mils ofinsulation for an undamaged testing at Sandia when the cables were tested in
| cable) have a reasonable probability of sur iving an ionized gas environment.
| in an accident aner thermal and radiation aging
i to the conditions defined in this test program. f. Twenty-four cycles of high potential testing of
! cables at 240 Vdc/ mil did not cause a reduction in

c. All of the (intentionally) damaged Okonite breakdown voltage for the three cable types tested,;

j EPDM/CSPE cables with less than 15 mils of
j insulation remaining failed before the completion g. Six cycles of high potential testing using a test

of aging. The one undamaged cable failed during voltage of 35 kVdc for Brand Rex cables did not
the LOCA simulation shortly aner the test appear to cause damage to the virgin cables.
chamber environment became saturated steam. However, the effect of testing actual plant
The one cable that had approximately 15 mils of installed cable at this voltage level is unknown,
insulation remaining blew a 1 A fuse 182 hours This conclusion is certainly not a
into the LOCA simulation. This cable had cracks recommendation to perform any specific

| in thejacket, but not in the insulation, after aging. breakdown testing on installed cables.
!

I

|

|

|

|

l
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Appendis A Insulation Resistance of Each Conductor During Accident Testing . -

In this appendix, the insulation resistance measurements are shown for each conductor tested during the accident testing.
For each of the conductors, two figures are shown. The first figure shows the data for the first 24 hours of the LOCA

'

exposure and the second figure shows the data for the entire LOCA exposure. The Keithley discrete measurements shown -
on the plots are identified as 100 or 250 Vdc. These measurement were made at these voltages for a i minute duration.
Table A 1 shows the Keithley IR measurements taken between the aging and accident sequences.
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i Table A-1 Keithley Discrete IR Measurements Taken Prior to LOCA Testing |

Cable Number Baseline IR Post Radiation Aging Post Thermal Aging j

(x10" D) Pre-Thermal Aging Pre-LOCA |
(x10" 0) (x10" 0) |

Brand Rex -|
1 3.44 1.85 14.22

2 3.70 2.16 17.88

3 3.55 1.82 16.41

4 3.50 1,73 18.81

5 3.86 1.67 ~ 17.81

6 4.28 2.06- 17.20 ;

7 4.82 2.21 16.71 j

8 3.64 1.79 14.51 ;

9 3.84 1.71 20.29 |
10 3.55 1.88 17.87 j

Rockbestos SR
I1 0.42 0.40 3.22

12 0.20 0.17 - 1.67

13 0.40 0.13 2.23

14 0.16 0.16 1.63

15 0.34 0.02 1.49

16 0.27 0.11 ' 2.05 1

17 0.28 0.35 2.37 !

18 0.35 0.37 2.53
19 0.38 0.39 3.05
20 0.24 0.27 2.08

Okonite Okolon
21 2.92 1.24 -7.58
22 2.25 1.04 5.65
23 2.10 0.99 5.85
24 2.58 1.03 6.28
25 3.02 1.32 6.% -
26 2.57 1.12- 7.I4
27 2.33 1.16 7.72
28 2.65 1.11 6.93
29 2.85 1.03 6.91
30 2.94 1.15 8.00

Rockbestos SR
31 0.37 0.28 3.71

A-1 NUREG/CR-6095
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Brand Rex #1
Continuous

:

1.00E+10 * 100 V IR -

? ,. .
250 V IR*

.5 1.00E+09
** .

S
E iU.

%/
[1.00E+08

8
j1.00E+07 ,

.o
.

>

3 1.00E+06 ,

.$

-1.00E+05'

0 2. 4 ;6 8' 10 12 14 ~ 16 18 20. '22 24 ,

LOCA Exposure (hours)
.

Figure A-1 Insulation Resistance for Brand Rex Sampic #1 during the first 24 hours.

,

Brand Rex #1 Continuous

100 V IR"

1.00E+10

250 V IR.y *ii=

.g.l.00E+09 o *.
; .. .

1 E+08
.

,{ <

j 1.00E+07 I i h
*

At / si ,.

~5 1.00E+06 >

*
E i

e

1.00E+05 ;

'O 24 48 72 % 120: 144 168 192- 216 240 -264'
,

LOCA Exposure (hours)'

i

Figure A 2 Insulation Resistance for Brand Rex Sample #1,

1
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Brand Rex #2 Continuous

" 100 V IR
1.00E+10

l * 250 V 1R.m ,

* *1.00E+09 :.
, e,

.

4
- 1.00E+08 I y { v

\
-

.e .
B
y 1.00E+07 r

.:=,

3-1
~5

00E+06!

1.00E+05

0 2 4 6. 8 10 12 14- 16 18 20 22. 24

L CA Exposure (hours)

|

Figure A-3 Insulation Resistance for Brand Rex Sampic #2 during the first 24 hours.

'

Brand Rex #2 Continuots

100 V IR ~- |
=

1.00E+10

n' * 250 V 1R^

1.00E+09 o *"
g . . . ,

.

1.00E+08 ) $

's
j1.00E+07

( 8=,

3 1.00E+06 ,

5
!

1.00E+05 1

| 0 24 48 72 % 120 144 168 192 216 240 264

( LOCA Exposure (hours) .

1

1

1

Figure A-4 Insulation Resistance for Brand Rex Sample #2.

l
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Brand Rex #3 Continuous

* 100 V 1R1.00E+10 ,

1.00E+09 || 250 V IR*
,.

*

[1.00E+08

| 5 1.00E+07
*

1 .c \
| M1.00E+06
i e

j1.00E+05! ,

~5
,@ 1.00E+04 r

,

1.00E+03

0 2' 4 6 8 10 12 14 16 18 20 22 24j

LOCA Exposure (hours)

t

Figure A 5 Insulation Resistance for Brand Rex Sample #3 during the first 24 hours.

|

.

Brand Rex #3 Continuous
|

* 100 V 1R1.00E+10 r ,

1.00E+09 1 . - 250 V IR*

f 1.00E+08
~ ~

,

J S" 1.00E+07 h I'

,

| .m

M1.00E+06 h _
,

'

- 1.00E+05 | Y f - #

,@ 1.00E+04
'

1.00E+03 -

-!
0 24 48 72 96 120 144- 168 192 216 240 264 ,

LOCA Exposure (hours)

Figure A-6 Insulation Resistance for Brand Rex Sampic #3 .
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Brand Rex #4 Continuous
t

'l.00E+10 r
* 100 V 1R

,|1.00E+09 || |^
250 V IR*

,

, -

.

'O 1.00E+08 l V * 'N
8 *

| $1.00E+07 -

|- .22

h1.00E+06 ,

c-

j1.00E+05- r

~5-

- 3 1.00E+04 t

1.00E+03

0 2 '4' 6 8 10 12 14 16 - 18 20- 22 . 24 .-

LOCA Exposure (hours)
'i

|
!

I- Figure A-7 Insulation Resistance for Brand Rex Sample #4 during the first 24 hours.

Brand Rex #4 Continuous

100 V 1R*1.00E+10 r

3* * 250 V IR-O 1.00E+09:
.b

'

TSI]}S 1.00E+08
eg

j1.00E+07
j 1 W

l.00E+06 \
Va /d Fuse Opened

% 1.00E+05 P
" -

3- L %. /$ 1.00E+04
'

l.00E+03 '

0 24' 48 72 96 120 144 168- 192 216 240 264-

LOCA Exposure (hours)

Figure A-8 Insulation Resistance for Brand Rex Sampic # 4.
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Brand Rex #5. Continuous;

* 100 V IR1.0( E+10
- .

j j1.00E+09 | 250 VIR*
.

,

O ,

8 ' 1.00E+08 I

8
' M

.

y1.00E+07 t;
*

cd

f(,j1.00E+06
$.

g 1.00E+05
1

* - 1.00E+04

0 .2 4 6 8 10 12 14 .16 18 20 22 24 [
'

ILOCA Exposure (hours)

,

I

! Figure A-9 Insulation Resistance for Brand Rex Sampic #5 during the first 24 hours.

Brand Rex #5 Continuous
'

'' 100 V IRl.00E+10 r

n .. . .

250 V IR*
E 1.00E+09 j.

*
t
8 1,00E+08 ]
8 r
y 1.00E+07 . , Fuse opened

,

h,
1.00E+06

( A.,
.y 1.00E+05

-
;

1.00E+04 a

0 24 48' . 72' % 120 144 168 192 216 240 264
'

LOCA Exposure (hours)

Figure A-10 Insulation Resistance for Brand Rex Sample #$ .
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Brand Rex #6 Continuous

" 100 V IR1.00E+10 t

ji.00E+09 ;: | 250 v1R*

,
o

k1.00E+08 l } 9M '

#
g 1.00E+07 ,

a:

8 1.00E+06
3

'

l.00E+05 ,

'l.00E+04

'O 2 4 6 8 10 12 14 16 18- 20 22L 24

LOCA Exposure (hours)'

Figure A-!1 Insulation Resistance for Brand Rex Sampic #6 during the first 24 hours.

Brand Rex #6
Continuous

1.00E+10 - " 100 V IR

3 ;" 250 V IR*i

.2, 1.00E+09 o*
,

1.00E+08
'

'5 |
j 1.00E+07

'

j
>

~5 1.00E+06
5

1.00E+05

0 24 48 72 96 120 144 168 192 216 240 264
'

LOCA Exposure (hours)

. Figure A 12 Insulation Resistance for Brand Rex Sampic #6.
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Brand Rex #7 Continuous

* 100 V IR
1.00E+10

250 V IR*

1.00E+09 || !.o
* ' - '"

1.00E+08 I V

|
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| M

| 8 1.00E+06
i
~5
y 1.00E+05

1.00E+ 04
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|

Figure A-13 Insulation Resistance for Brand Rex Sampic #7 during the first 24 hours. .!
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!

Brand Rex #7 - Continuous
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250 V IR' *
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1

- ? -

P
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Figure A-14 Insulation Resistance for Brand Rex Sampic #7,
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Brand Rex #8 Continuous

= 100 V IR1.00E+10 r

,

30 V IR
$1.00E+09 iI

*
*

.
..g

.

* *J
V1.00E+08 i

y 1.00E+07 r

E
8 1.00E+06 r

. 'il

j1.00E+05
.

1.00E+04

0 2 4 6 8 10 12 14 16 - 18 20 22 24

LOCA Exposure (hours) -

Figure A-15 Insulation Resistance for Brand Rex Sample #8 during the first 24 hours.

Brand Rex #8 Continuous
t

100 V IR"
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:.

250 V IR*^
o*

1.00E+09 9 . 's
5 * *

S .
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M

.jo 1.00E+06

1.00E+05
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-1

0 24 48 72 % 120 144 .168 192 216 240 264'

|
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! !

Figure A-16 Insulation Resistance for Brand Rex Sample #8. j
!
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Brand Rex #9 Continuous
;

" 100 V IR -1.00E+10 ,.

j 250 V IR* ,,

A 1.00E+09 :" . , ,

8 . . ,

$ r y e -w- ->

y1.00E+08- |
x
8

j1.00E+07 -

n
1.00E+06

.

0 2 4- 6 8 10 12- 14 16 18 20 22 24.

LOCA Exposure (hours)

Figure A 17 Insulation Resistance for Brand Rex Sampic #9 during the first 24 hours.
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|

Brand Rex #9 Continuous

" 100 V IR1.00E+10 '

s

j ;, 250 V IR*

'

1.00E+09 ||.y , ,

o ..

3
y1.00E+08 |x ,

8 '

l.00E+07 !

$
1.00E+06

,

0 24 48 72 % 120 144- 168 192 216 240 264

LOCA Exposure (hours).

Figure A-18 Insulation Resistance for Brand Rex Sampic #9.

- NUREG/CR-6095 A-10

-,.



. .- . _

r

Brand Rex #10 Continuous

* 100 V IR1.00E+10

3 250 V IR*

:= ,

~d 1.00E+09 ;, .

8 =

E
=

Y hf 1.00E*08g

5
3 1.00E+07
::
$

1.00E+06-

0 2 4 6 -8 10 12 - 14 16 18 ' 20 22 24

| LOCA Exposure (hours)
|
!

Figure A-19 Insulation Resistance for Brand Rex Sample #10 during the first 24 hours.

Brand Rex #10' ~ Continuous

* 100 V IR -1.00E+10 ,

250 V IR*

,o., 1.00E+09 i,.. .

I
8 m

E

f[Nb k- 1.00E+08

8

j1.00E+07
'

?
'

1.00E+06
-

0 24 48 72 % 120 144 168 192 216 240' 264 !

LOCA Exposure (hours)

Figure A-20 Insulation Resistance for Brand Rex Sample #10,
|
!

!
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Rockbestos SR #11 Continuous

'

1.00E+10

250 V IR^ *

1.00E+09
o
;- :.

3 b| 1.00E+08V
.z!
U
M 1.00E+07 :. ,
o

.Q e
m 1 i

.

5
00E+06 =

1.00E+05 - "

0 2 4 6' 8 10 12 14 16 18 20 22 24

LOCA Exposure (hours)-

Figure A-21 Insulation Resistance for Rockbestos SR Sampic # 11 during the first 24 hours.

|

Rockbestos SR #11 Continuous

100 V IR . |
=

1.00E+10 1

' '

250 V IR I'^ .

$
.g 1.00E+09
Y n

~ Y !71.00E+08 !

/
'@ l (M 1 0

8
00E+07

I / ei

9 g
5 1.00E+06 = ;

$
1.00E+05

0 24 48 72 % 120 144 168 192 216 240 264

LOCA Exposure (hours)

Figure A-22 Insulation Resistance for Rockbestos SR Sampic #11.
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Rockbestos SR #12 Continuous

; 100 V IR"

1.00E+10
. 250 V 1R*

-

1.00E+09
s . .

'

1.00E+08
.w
U
j 1.00E+07 .

'
.g
=

*
~3 1.00E+06 r

$

| 1.00E+05

| 0 2 4 6 8 10 12 14- 16 18 ~ 20 22- ' 24

LOCA Exposure (hours)

Figure A-23 Insulation Resistance for Rockbestos SR Sampic #12 during the first 24 hours.

!

Rockbestos SR #12 Continuous

* 100 V IR
1.00E+10

; . _e 250 V IR*

.$1.00E+09
'

'

s ..

8 -

M i
' '

j 1.00E+08 .

.m
| 8
| j 1.00E+07

.g,

L cs

! ~5 1.00E+06 r*
E-

1.00E+05

0 24 48 72 % 120 144 168 192 216 240 264

LOCA Exposure (hours) -

Figure A 24 Insulation Resistance for Rockbestos SR Sample #12.
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I

Rockbestos SR #13 Continuous

" 100 V IR
1.00E+10

250 V IR*
-

1.00E+09
s ,

. ,
' "

1.00E+08
.m

(-1.00E+07 ,
,,

R L/ .

, ~d 1.00E+06 '

E

l.00E+05'

0- 2 4 6 8 10 - 12 14 16 . 18 20 22 24

LOCA Exposure (hours)
'

.

!

Figure A 25 Insulation Resistance fo'r Rockbestos Sampic #13 during the first 24 hours. |

! .

|'

Rockbestos SR #13 Continuous

100 V IR j"

j 1.00E+10 ;

250 V 1R |' s *
p .

f1.00E+09 .

*
i

")E ) F~ ''~#
i

' '''

1.00E+08
.e |
e ,

Ij1.00E+07 -

,

2
a
3 1

$ .00E+06
'

,

'

1.00E+05 -

0- 24 48 72 % 120 144 168' 192 216 240 '264

LOCA Exposure (hours)

Figure A 26 Insulation Resistance for Rockbestos SR Sampic #13.-
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.

Rockbestos SR #14 - Con'inuoust -

i ,

100 V IR '"-

1.00E+10.

l 7 * 250 V IR
.5 1.00E+09
.S ,

1.00E+08 M # ' Y
.2 -

.E
d 1
.! .00E+07u!

| 1'l.00E+06 -

.i!

1.00E+05 s

i 0' .2' 4 6 .8- 10' 125 ~14 16' 18 20 '. 22' 24 '

LOCA Exposure (hours)

Figure A 27 Insulation Resistance for Rockbestos'Sampic #14 during the first 24 hours.

|

Rockbestos SR #14 ~ Continuous ;j
;,

' I I
1.00E+11 r

o 250 V IR*

j 1.00E+10 <

3 ...
,

8 1.00E+09 ,

'E . e j

f1.00E+08 N4 ,9 |
'

M
,

,
1.00E+07

1.00E+06 :

1.00E+05

0 24 48 72 % 120 144: 168 192 216. 240 264

| LOCA Exposure (hours)

Figure A 28 Insulation Resistance for Rockbestos SR Sample #14.
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l
1

Rockbestos SR #15 Continuous

100 V IR=
1.00E+10

y 250 V IR*

.2 1.00E+09

o
F Y b'

'j1.00E+08
.c
8
* 1.00E+07
8
1 *

's s
? 1.00E+06 ,

r

y :.

1.00E+05

0 2 4. 6 8 10 12 14 16 18 20 22 24

- LOCA Exposure (hours)

Figure A-29 Insulation Resistance for Rockbestos Sample #15 during the first 24 hours.
i

Rockbestos SR #15 Continuous

100 V IR=
1.00E+10

* 250 V IR

? 1.00E+09 r

g
,

1

l "f "Y I NW S1.00E+08

p- j s J
a i

kl
4 1.00E+06 J j

|
'1

1.00E+0S i
'

0 24 48 72 % 120 144 168 192 216 240 264

LOCA Exposure (hours)

Figure A-30 Insulation Resistance for Rockbestos SR Sample #15.
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|

|

|

Rockbestos SR #16 Continuous

100 V IR"

1.00E+10
* 250 V 1Rm

| E
.2 1.00E+09 ,

#
1.00E+08

! .m . ' >

O.'

*

j1.00E+07 ,

o
'iii
3 1.00E+06 ,

$t

1.00E+05 >

| 0 2 4 6 8 10 12 14 16 18 20 22 24

i

i LOCA Exposure (hours)-

Figure A-31 Insulation Resistance for Rockbestos Sample #16 during the first 24 hours.

|-
Rockbestos SR #16 . Continuous

100 V IR"

1.00E+10
*' 250 V IR -i -

k1.00E+09 e,

S .

e

""]O1.00E+08

B
*

j1.00E+07 ,

o,

'il
'E 1.00E+06
5

1.00E+05

0 24 48 72 % 120 144 168 192- 216- 240 264
'

LOCA Exposure (hours)

Figure A-32 Insulation Resistance for Rockbestos SR Sample #16.
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Rockbestos SR #17 Continuous

100 V IR"

1.00E+09

250 V IR' '-

W
'f 8CN'

l.00E+08

$ 3

y.1.00E+07' |
"

M -

'
8
j1.00E+06
n -

1.00E+05

0 2 4 6 8 10 12 14 16. 18 20 22 24

LOCA Exposure (hours)
i

Figure A-33 Insulation Resistance for Rockbestos Sample #17 during the first 24 hours.

Rockbestos SR #17 Continuous

" 100 V IR
1.00E+09 r

e 250 V IR''

j1.00E+08 iq
'e

8 1.00E+07 F
'

$ .

(

y1.00E+06 :

\
,

M
V

8 1.00E+05 Fuse Opened

'ii g/-f 1,00E+04 :

1.00E+03

0 24 '48 72 % 120' 144 '168 192 216 240 264

LOCA Exposure (hours)

Figure A-34 Insulation Resistance for Rockbestos SR Sampic #17.
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Rockbestos SR #18 Continuous

100 V IR"

1.00E+09
250 V IR-*

9
aE e.,

g y- . . 7 .. . y

8 1.00E+08
E
.n
-E
M .

8 1.00E+07
'iil
3-
$ '

l.00E+06

0 2 4 6 '8 10 12 14 16' 18 20 22 '24

LOCA Exposure (hours)

Figure A-35 Insulation Resistance for Rockbestos Sampic #18 during the first 24 hours.

'

Rockbestos SR #18 Continuous

" 100 V IR
1.00E+09

* 250 V IR

S ''l | [ F'T fI r
8 1.00E+08 1 I .

b
.e
E
E .

,) 1.00E407

*0
$ *

1.00E+06

0 24 - 48 72 % 120 144 168 192 216 240 264

LOCA Exposure (hours)

!

| Figure A-36 Insulation Resistance for Rockbesto: SR Sample #18.
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|
|

Rockbestos SR #19 Continuous

100 V IR"

1,00E+10

250 V IR |*
;

.! 1.00E+09 ,

S
'

8 7 .

Ij 1.00E+08
.m
U L

j1.00E+07 =
,

,e .

'il *% |
*

3 1.00E+06 ,

,i
E

1.00E+05 j

0 2 4 6 8 10 12 14 16 18 20 22 24 |

LOCA Exposure (hours)
.

I

Figure A-37 Insulation Resistance for Rockbestos Sampic #19 during the first 24 hours.

!

Rockbestos SR #19 Continuous j

'' 100 V IR
1.00E+10

250 V IR- |' : *^ .

*1.00E+09
S

1.00E+08 [ f' V I
' '

.e
U

!j 1.00E+07 "

,d
3 ,

e ,!'3 1.00E+06
$

1.00E+05

0 24 48 72 % 120 144 168 192- 216 240- 264

{ LOCA Exposure (hours)

Figure A-38 Insulation Resistance for Rockbestos SR Sample #19.
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-

Rockbestos SR #20 Continuous

100 V 1R"

1.00E+09
. 250 V IR -*

9 ,

E

L w JW ,-
.

8 1.00E+08
$
.e
8'
M
,8 1.00E+07

4
$

1.00E+06
!

0 2- 4 6' 8 ;10 12 14 16 .18 20' 22- 24

LOCA Exposure (hours)

Figure A 39 Insulation Resistance for Rockbestos SR Sampic #20 during the first 24 hours.

Rockbestos SR #20 Continuous

100 V IR*

1.00E+09
* * * 250 V 1R'e ,

.!

1.00E+08

8
.e
8
M

8 1.00E+07
'ill
3 .

$
1.00E+06

0 24 48 72 96 120 144 168 192 216 240 264

LOCA Exposure (hours)

Figure A-40 Insulation Resistance for Rockbestos SR Sample #20.
!
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Okonite Okolon #21 Continuous ,

1.00E+09 r
. 100 V IR -*

1.00E+08 r * 250 V IR

d*[+"@ NyN ~'

<

j1.00E+04 r ;

8 1.00E+03 I
r

g - .

3 1.00E+02 r-

$ 00E+011

'l.00E+00 I

0 -2 4 6 8 10' 12 14 16 13 20 22 24

LOCA Exposure (hours)-

Figure A-41 Insulation Resistance for Okonite Okolon Sampic #21 during the first 24 hours. .

s

:

Okonite Okolon #21 Continuous ;

* 100 V IR1.00E+09 r

^ 1.00E+08 250 V IR.
g
1 1.00E+07 H

-

i
v o
* 1.00E+06 <

l.00E+05 r
'

<

f1.00E+04 g ,
8 1.00E+03 r

'E
3 1.00E+02 r

S 1.00E+01 ,

1.00E+00

0 24 48 72 % 120 144 168 192 216 240 264

.LOCA Exposure (hours), . .

.

Figure A-4? Insulation heristance for Okonite Okolon Sample #21.

' l,

%

.

-

NUREG/CR-6095 A-22

_ -



- , . .

i

!

Okonite Okolon #22 Continuous j

100 V 1R ''
,

1.00E+09 r

250 V IR -*7 1.00E+08 '

1.00E+07 : .gp.-
1.00E+06 q

- -

1.00E+05 r,g .

[1.00E+04 ,'r

8 1.00E+03 r
*g '
5 1.00E+02 |

S 1.00E+01 ;r

1.00E+00

0 2 4 6- 8 10 12 14 16 18 20 22 24

LOCA Exposure (hours)

Figure A-43 Insulation Resistance for Okonite Okolon Samp!e #22 during the first 24 hours. .

:

! Okonite Okolon #22 Continuous

" 100 V IR
1.00E+09 ,

1.00E+08 r 250 V IR.

1.00E+07 Je
1.00E+06 | C Fuse Opened

,

h1.00E+05 %g
Q t

1.00E+04 ,g
"

! 8 1.00E+03 o
a ,

-$ 1.00E+02 ,

S 1.00E+01 !

I
| W)Ct%
| 0 24 48 72 % 120 144 16S 192 216 240 264

LOCA Exposure (hours) .

| Figure A-44 Insulation Resistance for Okonite Okolon Sampic #22.

.
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Okoniti. Okolon #23 . Continuous

' 100 V IR -1.00E+09 !

! lg1.00E+08 250.V IR
*

t 1.00E+07. (P
,-

v

8 1.00E+06 f =

f.l.00E+05
-

* * 34
,

[1.00E+04 r

,j1.00E+03 r

$ 1.00E+02 ,

S .00E+011

1.00E+00 '

0 2 4 6 8 10 12 14 16- 18 20 22 24

LOCA Exposure (hours)

Figure A-45 Insulation Resistance for Okonite Okolon Sample #23 during the first 24 hours.

5

Okonite Okolon #23 Continuous

'" 100 V 1R1.00E+09 r

'
1.00E+08 250 V 1R.

1.00E+07 i Hbo
v

8 1.00E+06 i

g % Fuse Opened
,g 1.00E+05 r,
j 1.00E+04 ; A

,j1.00E+03 i

$ 1.00E+02 r

S .00E+011 ,

1.00E+00 !

0 24 48 72 % 120 144 168 192 216 240 264

LOCA Exposure (hours)

Figure A-46 Insulation Resistance for Okonite Okolon Sampic #23.
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%

Okonite Okolon #24 Continuous

" ' 100 V IR >

1.00E+09 r

250 V 1R --*^ 1.00E+08 :
'

,

1.00E+07 !"-
,

8 1.00E+06
Fuse Opened

7

k .00E+05
'

1
[

"' l.00E+04 r A ,

8 1.00E+03 t

i ,

5 1.00E+02 :

$ 1.00E+01- r ,

'

- 1.00E+00

0 2 4 -6 8 10 12' 14 16 18 20 22 24

LOCA Exposure (hours)| -;

|

Figure A-47 Insulation Resistance for Okonite Okolon Sample #24 during the first 24 hours.' ,

Okonite Okolen #24 Cont;nuous

= 100 V 1R
1.00E+09 !

y1.00E+08 ( 250 V IR*

$ 1.00E+07 i -||

use Opd| 8 1.00E+06
_.

h1.00E+05 !

f1.00E+04,4
! 8 1.00E+03 )a
1 -j 1.00E+02 ,

,

| $ 1.00E+01 |

,

1.00E+00

0 24 48 72 % 120 144 168 192 216 240 264' !

LOCA Exposure (hours)

|
Figure A-48 Insulation Resistance for Okonite Okolon Sample #24.
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Okonite Okolon #25 Continuous

1.00E+09'r 100 V 1R*

_ l.00E+08 r 250 V IR*

f1.00E+07 r, {no :

j1.00E+06 ( =

5 1.00E+05 ) f
U l.00E+04~

'

r
''

.[o 1.00E+03r
.

;

$ 1.00E+02 r

.E
1.00E+01 r

1.00E+00

0 2 4 6 8 10 12 14 -16 18 20 22 24

LOCA Exposure (hours)

Figure A-49 Insulation Resistai.cc for Okonite Okolon Sampic #25 during the first 24 hours.

Okonite Okolon #25 Continuous

100 V IR=1.00E+09 r

',1.00E+08 250 V IR*
,

f1.00E+07 g
]o

{l.00E+06 a

$1.00E+05 Ir

.m \ Fuse Opened3

j1.00E+04 r b
E1 %A ~

ia .00E+03
r

I
3 1.00E+02 r .

,@ .
"

1.00E+01 r

1.00E+00 '

0 24 48 72 96 120 144 168 192 216 240 264-,

LOCA Exposure (hours)

|

I Figure A-50 Insulation Resistance for Okonite Okolon Sample #25,
1

!

l
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|

Okonite Okolon #26 . Continuous

' 100 V IR1.00E+09 r. ,

1.00E+08 r
^

250 V IR*

o 1.00E+07 ,f__~
.

i .

w

i '* 1.00E+06 /
- es '

.

,g 1.00E+05 ,g*

j1.00E+04 r.
,

f ,j1.00E+03 r

! $'l.00E+02 r-

S .00E+011

1.00E+00 ''

| 0 2 4 6 8 10 12 14 16 18- 20 22 24 .

LOCA Exposure (hours)

!

| Figure A-51 Insulation Resistance for Okonite Okolon Sample #26 during the first 24 hours.

Okonite Okolon #26 - Continuous
i

" 100 V IR1.00E+09 r

^ 1.00E+08 !' * 250 V IR

3 00E+07 41 -

8 1.00E+06 jr

h1.00E+05 e Pd{ .i
.

t

5 .00E+04 'l'S .

1

1.00E+03 A,

a
$ 1.00E+02 "

r

S .00E+011

[
1.00E+00 -

'

0 24 48 72 % 120 144 168 192 216 240' 264 j

LOCA Exposure (hours)

I

-

Figure A-52 Insulation Resistance for Okonite Okolon Sample #26.
.
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Okonite Okolon #27 Continuous
,

;

100 V IR=
1.00E+09 r

^ 1.00E+08 250 V 1R*,

1.00E+073 ; ;

8 1.00E+06 ,

h1.00E+05
i *"

f 1.00E+04
8 1.00E+03 i

c
$ 1.00E+02 ,

$ .00E+011 !

1.00E+00 ,

0 2 4 6 8 10 12 14 .16 18 20 22- 24

LOCA Exposure (hours) ?

Figure A-53 Insulation Resistance for Okonite Okolon Sampic #27 during the first 24 hours.

,

Okonite Okolon #27 Continuous

= 100 V IR1.00E+09 !

1.00E+08 ! 250 V IR*

1.00E+07 |t||
|3

8 1.00E+06 af Fuse Opened

,f 1.00E+05 fg /r

j1.00E+04 ,

f-
8 1.00E+03 r
.g .

$ 1.00E+02 !

S .00E+011 !

1.00E+00

0 24 48 72 % 120 144 168 .192 216 240 264

LOCA Exposure (hours)

Figure A-54 Insulation Resistance for Okonite Okolon Sample #27. )
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Okonite Okolon #28 Continuous

" 100 V 1R
1.00E+09 t

^ 1.00E+08 250 V IR-*r

.

f1.00E+07
-

t.-

8 1.00E+06 ;
,
*

1.00E+05 r

,j1.00E+04r

,) 1.00E+03 r

$ 1.00E+02 ,

S .00E+011 !.

1.00E+00

0 2 4 6 8 10 12 14 .16 - 18 20 =22 24'

- LOCA Exposure (hours) -

|

Figure A-55 Insulation Resistance for Okonite Okolon Sample #28 during the first 24 hours.

j Okonite Okolon #28 Continuous
!

= 100 V IR1.00E+09 t

^ 1.00E+08. j[ 250 V IR*

b1.00E+07 i ro
Fuse Opened8 1.00E+06 p

h1.00E+05 k sg

\ /r

-

U l
| N .00E+04

' A /,

%#
i o 1.00E+03 r
i a

$ 1.00E+02
$ .00E+011 ,

1.00E+00

0 24 48 72 % 120 144 168 192 216 240- 264

| LOCA Exposure (hours)

|
:

| Figure A-56 Insulation Resistance for Okonite Okolon Sample #28.

|'
|
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i

!

' Okonite Okolon #29 Continuous

100 V IR=
1.00E+09 r

i

^ 1.00E+08 [ 250 V IR i*' t

p _.,_.]
p

'

'

1.00E+07'

3
--.

'

8 1.00E+06 /r

) ,f1.00E405 '

p

j 1.00E+04 !

,8 1.00E+03 r

j 1.00E+02 r

5 1.00E+01 ,

'

; 1,00E+00

0- 2 4 6' 8 10 12 14 16 18 20 22' 24

LOCA Exposure (hours)
t

IFigure A 57 Insulation Resistance for Okonite Okolon Sample #29 during the first 24 hours.

,

Okonite Okolon #29 ' Continuous

* 100 V IR1.00E+09 !.

7 1.00E+08 250 V IR.

E ,

j 1.00E+07 Hg
8 1.00E+06 16 Fuse Opened,

,f1.00E+05 r

*

j1.00E+04 Ar

.,8 1.00E+03
'

r.

$ 1.00E+02 r

S 00E+011 r :

1.00E+00 i

0 24 48 72 % 120 144 168 192 216 240- 264

LOCA Exposure (hours)

Figure A 58 Insulation Resistance for Okonite Okolon Sample #29.
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a

Okonite Okolon #30 Continuous
; -

* 100 V IR
1.00E+09 r..

250 V IR.I e7 1.00E+08 ,

E - ]-

g1.00E+07 ,

(8.1.00E+06 ,

$ 1.00E+05
' WM'

,

.gr e
.

j 1.00E+04 r .

Fuse Opened '

'

I

L
8 1.00E+03 ,

=
j 1.00E+02 ! ,

S 1.00E+01 jr

1.00E+00

0 2 4 6 8 .10 12 14 16 18 20 22 24

' LOCA Exposure (hours)

Figure A-59 Insulation Resistance for Okonite Okolon Sampic #30 during the first 24 hours. ,
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| Appendix B Test Sequence Considerations

| Many reviewers of this report conunented that the test sequence of applying the total radiation dose prior to thermal
aging was unrealistic and/or extremely conservative and that it was not clear that the only significant differencef '

f between this test program and previous Sandia testing was the level of thermal aging. This appendix addresses'these .
.!' concerns.
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Appendix B Test Sequence Considerations

Many reviewers of this repod commented that the test equivalent to 206 yr' at 45'C. The aging dose of 56 Mrad is
sequence of applying the total radiation dose prior to thermal matched by a dose rate of 30 rad /hr (0.30 Gy/hr) over
aging was unrealistic and/or extremely conservative and that 206 years. From the e/e, curve on Figure 11 in Reference
it was not clear that the only significant difference between B-2, the 45*C,30 rad /hr (0.30 Gy/hr) point causes the same

,

the Reference B-1 testing and this test program was the level damage as a thennal-only exposure three times longer in |
of thermal aging. This appendix demonstrates why we duration. This means that the 9-month simultaneous radiation I,

believe that the test sequence is irrelevant to the test results and thermal exposure is equivalent to a thermal-only j
obtained in this test program. Because the comments were in exposure of roughly 620 years (=3 x 206 years) at 45'C, or
particular relative to the failures of the Okonite cables, this about 69'C for 40 yr.
appendix will focus on those cables. In addition, because we
believe that aging of the CSPE jacket material was a The thermal exposure of 158'c for 336 hr that was used in

,

dominant factor in the failures, we will focus on the jacket. this program equates to about 1180 yr at 45 *C, or aboutr

This beliefis supported by the manufacturer's qualification 75'C for 40 yr, again using an activation energy of 1.08 eV,
test, which included an unjacketed cable insulated with the Note that this thermal exposure, by itself,is 1.9 times .
same material as in our tests. Their testing had comparable (1180 years /620 years) as severe as the combined radiation
thermal aging,50% higher total radiation dose, and a similar and thermal aging in the previous 9-month exposure.
accident profile, without any evidence of failures. In contrast,
our testing resulted in extensive longitudinal splitting of ten If we assume that the radiation and thermal aging in the,

separate samples plus two additional cable segments that current program were applied simultaneously rather than
were used as cable ties. sequentially, we can again employ time-temperature-dose rate

superposition. The total dose of 130 Mrad (including the
.'

Table B-1 summarizes the test conditions and failures from accident radiation dose) over 1180 years gives an equivalent
the 6- and 9-month aging exposures from Reference B-1 of 13 rad /hr (0.13 Gy/hr). Again using Figure 11 from
along with the test conditions and failures from this test Reference B-2, the thennal aging only line represents a time
program. All exposures are for the Okonite cables in the test that is about a factor of 2.2 higher than the 45'C and
programs, which were of the same materials and constmetion. 13 rad /hr (0.13 Gy/hr) point. Thus, the combined thennal
Note that in addition to the 6- and 9-month exposures in the and radiation aging (including the accident radiation exposure
previous testing,3-month and 0-month (unaged) exposures as additional radiation aging),if they had been applied
were included. One Okonite cable was included in the simultaneously, would have equated to roughly 2600 years
unaged exposure and three were included in the 3-month (2.1 x 1180 years) at 45*C, or 83 *C for 40 years, with no

2exposure. In both cases, no failures were observed. radiation exposure . It should be noted that this cable is
claimed to be qualified for 40 yr at 90*C plus 200 Mrad of

Figure B-1 shows the Okonite cable failure that occurred in radiation exposure.
the Reference B-1 testing. Note the similarity to the failures
shown in Figure 6 of this report. In both cases, extensive To get an idea of the mechanical properties expected in the
longitudinal cracking existed along significant portions of the CSPE after various anmunt of aging, we will refer to
cable. This similarity in appearance between the test failures Figure 10 in Reference B-2. In that figure, it is evident that
shown in Figures 6 and B-1 suggests a similar failure after the equivalent of about 350 yr at 45'C (2.6 yr at 90 C),
mechanism. the CSPE material has a retained clongation of about 10%

s

.

The simulations that were used in Reference B-1 are
obviously the most realistic in that the aging radiation and i
thennal aging were applied simultaneously and at quite low 43$','$'**,*n[,''*"';*N"8 y asYr "s ]e9 ' "

d to > , , t,

BCceleration factors relative to typical testing. Note that the between this program and previous wo L lt must be recalled that very

total dose in the 9-month exposure from Reference B-1 was Img lifetimes at 45'C translate to much shorter lifetimes at higher

significantly higher than in the current program and that the temperatures. I' r example,3260 yr at 45'C corresponds to about 40
yr at 85 *C for an activation energy of 1.08 et

radiation aging was applied at a much lower acceleration
. 2

We expect that the actual equivalent thermal aging would be less
than that calculated since simultaneous exposure of CSPE to high

The 9-month simultaneous exposure (56 Mrad at 98*C) can temperature and radiation was shon to be more severe than sequential

be equated to other conditions using time-temperature-dose exposure of radiation at ambient temperature rollowed by thermal

rate superposition [B-2]. Using an activation energy of asna IB-31. In Reference D.3, p. 60, curve E gives retained elongation
of about 0.15 for simultaneous exposure, while curve H gives retained

1.08 eV for CSPE (for comparison with b,.gure 11 m. elongation of about 0.20 for sequential exposure to radiation at
Reference B-2), a thermal exposure for 9 months at 98*C is ambient temperature rollowed by thermal aging equivalent to the

thermal aging used in the simultaneous exposure.

B-1 NUREG/CR-6095
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Table B-1 Comparison of Testing Conditions to Reference B-1 Conditions

Reference B-16-Month Reference B-19-Month
Parameter Current Test Program

Exposure Exposure

Radiation Aging 29 Mrad 56 Mrad 20 Mrad

Radiation Aging Dose
6.4 krad/hr 8.4krad/hr 300 krad/hr

Thermal Aging 98*C for 6 months 98'C for 9 months 158'C for 336 hr

1000 or nnn 5300
Acc 1 o a r for 80 53 9 p g

40-Year Life

Accident Dose 110 Mrad 110 Mrad 110 Mrad

Accident Radiation Dose
570 krad/hr 570 krad/hr 300 krad/hr

Total Radiation Dose 139 Mrad 166 Mrad 130 Mrad

All tests used essentially the same profile
Steam Profile

(see Figures 4 and 5 in this repor0

Aging + accident
Simultaneous thermal and radiation aging followed radiation followed by7g 3

by accident radiation followed by steam thermal aging followed
by steam

Test Failures 0of3 1of4 10 of 10*
\

* ^EP None Extensive longitudinal crackingI OC/

Although initial failure occtured during thermal aging on the damaged cables (circumferential cracking), all cables*

also sufTered extensive longitudinal cracking during the accident steam exposure (including identical cables that
were used as cable ties). Thus,it is evident that all the cables would have failed the steam exposure even if they
had been undamaged.

absolute. Aller the equivalent of 620 yr at 45'C (equivalent Because the sample that failed was aged to the maximum i
|thermal-only exposure for 9-month simultaneous exposure of extent and a significant number of samples were less severely

Reference B-1), the CSPE would be expected to have aged and did not fail, a connection with the degree of aging is
virtually no residual elongation. This was in fact the case strongly suggested
[B 1]. After an accident radiation exposure of another i

110 Mrad of radiation, the CSPE ic certainly in very poor Based on the analysis of equivalent thermal aging times, the
mechanical condition. Thus,if thejacket is important to fact that all of the cables had identical longitudinal cracking
cable survival during the accident steam exposure, it is not during the steam exposure is not very surprising. Since there
too surprising that a cable would fail aller preconditioning as is an almost certain connection between the failures and the
in the 9-month aging. Despite this, three of four cables tested degree of aging, we would expect the Okonite cables to fail a
with the 9-month aging exposure survived the accident test where the thennal aging that was used in this test
radiation and steam exposures. Ilowever, all were extremely program was combined with no radiation aging and
brittle fbilowing the steam exposure. The extensive followed by a 110 Mrad accident exposure and the steam
longitudinal splitting observed in the failed sample indicated profile used in this test. Thus, although the application of the
that the failure was not a simple random statistical failure. total radiation dose prior to thermal aging is perhaps more

N'JIWG/CR-6095 B-2
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j Figure B-l Failure of Okonite Cable Sample from Reference B-1 Test Program
,

j severe than a ditTerent aging sequence, the evidence clearly monitored, there is no way to know how much thermal aging
indicates that the sequence was irrelevant in this test. the cables in the head actually received.

*

j Ilowever, the sequence may become important if testing at

i lower levels of thermal aging is conducted References

| Some direct evidence that the application of the accident B- 1. M. J. Jacobus, Aging, Condition Monitoring, and
, radiat;. exposure prior to thermal aging u as not overly loss-of-Coolant (LOCA) Tests ofClass /E
] importact comes from the parts of the samples that wcre Electrical Cables, NUREG/CR-5772, S AND9 I-

located in the test chamber head. While we do not have 1766/2, Sandia National Laboratories, November
precise exposure data, these samples were exp ned to lower 1992.;

| radiation doses than the samples on the test mandrel Some
; portions of the samples that were in the test chamber head B-2. K. T. Gillen and R. L. Clough, Predictive Aging
i had longitudinal cracking just as the portions of the samples Resultsfor Cable Materials in Nuclear Power

on the mandrels did These portions of the samples were Plants SAND 90 2009, Sandia National
exposed to thennal aging (although the temperatures in the I aboratories, November 1990.
head were not monitored) as well as full accident steam, but

.4
reduced radiation The sphtting of these cables that were B.3. L D Bustard, et al., The Effect ofAlternatwe Aging I

exposed to reduced radiation levels also lends support to the and Accident Simulations on Polymer Properties, j
conclusion that thermal aging was the major factor (as NUREG/CR-409), SAND 84-2291, Sandia

|

i

compared to the previous testing) responsible for the failures National 1,aboratories, May 1985,;

j observed in this test program. It should be noted that the
level of thermal aging received by the cables up close to the

'

j penetrations, where the total radiation dose should have been

i verv small, w as not sumcient to cause the cables to crack
|

| during the steam exposure. Ilow ever, because the |

; temperature in the vicinity of the penetrations was not
;

;

'
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