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Abstract

Experimentswere cond._ctedto assess the effectsof high potentialtesting of cablesand Ioassess the survivabilityof aged
and damagedcables underLoss-of-CoolantAccident (LOCA)conditions. High potentialtesting at 240 Vdc/mil on
undamagedcables suggested that no damagewas incurredon the selectedvirgin cables. During aging andLOCA testing,
Okoniteethylene propylenerubber(EPR)cableswith a bondedjacketexperienced unexpectedfailures. The failuresappear
to be primarilyrelatedto the level of thermalaging and the presenceof a bondedjacket that ages morerapidlythanthe
insulation. For BrandRex crosslinked polyolefin (XLPO)cables, the resultssuggest that 7 mils of insulationremaining
shouldgive the cables a high probabilityof survivingaccidentexposurefollowing aging. The voltage necessaryto detect
when7 mils of insulationremainon unagedBrandRex cables is approximately35 kVdc. This voltage level wouldalmost
certainlybe unacceptableto a utility foruse as a damage assessmenttool. However,additionaltests indicated that a
35 kVdcvoltage applicationwouldnot damage virgin BrandRex cableswhentested in water. Although two damaged
Rockbestossilicone rubbercables also failed during the accidenttest, no correlationbetweenfailuresand level of damage
was apparent.
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Nomenclature

ACRS AdvisoryCommittee on ReactorSafeguards

AWG AmericanWire Gauge

CSPE chlorosulfonatedpolyethylene(also knownas Hypalon®)

EPDM ethylenepropylenediene polymethylene

EPR ethylenepropylenerubber

EPRI ElectricPowerResearchInstitute

EQ EquipmentQualification

failure During LOCAexposure,failure is used to indicate the openingofa 1Amp fuse. Actual failure in real circuits
would depena on the application.

ID innerdiameter

IR InsulationResistance

LICA Low Intensity CobaltArray,facility forperformingirradiationexposuresat SandiaNational Laboratories.

LOCA loss-of-coolant accident; a design basis event for nuclearpowerplants.

mil one-thousandthof an inch

NRC NuclearRegulatoryCommission

SR silicone rubber

TVA Tennessee Valley Authority

XLPE crosslinkedpolyethylene

XLPO crosslinkedpolyolefin
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Executive Summary

Experimentswere performedto assessconcernsabout high survivingin an accident afterthermaland radiationaging
potentialtesting of cablesin conduitsflooded with water to the conditionsdefined in this test program. Itappears
andto determinethe amountof cable insulationnecessary that aging may have been a significantfactor (together
to survive aging anda Loss-of-CoolantAccident (LOCA). with the reducedwall thickness)in causing two failures
The testprogramwas designed in three phases. Phase I that wereobserved for the RockbestosSRcables. Thus,
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 II the failure rate of these (damaged) cables.
determined the voltage level necessary to detect when
damaged cables will not survive aging and accident Survival data for Okonite Okolon cables were not available
testing; and Phase III 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 II damages virgin cables. Threecable typeswere less than 15 mils of insulation 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 shortly after the test chamber
insulated With30 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 of insulation 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
Roekbestos silicone rubber (Sit) #16 AWG single Okonite cable failures are the extent of the thermal aging
conductorcableinsulatedwith 30 mils of silicone and the presenceof a bondedCSPEjacket thatages more
rubberand jacketed with a fiberglass braid;and rapidly than the underlying insulation. It should be noted

that the testedcable 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 Vdc/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 suffice (1170 Vdc/mil based on the aominal
tested, insulation thickness of 30 mils). Note that this voltage

level is considerably above the 240 Vdc/mil test in
OBJECTIVE: Assess the minimum insulation thickness IEEE 383-1974 [11. 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 definitive based on
accident testing of damaged cables, the results of these tests.
CONCLUSION: Brand Rex XLPE cables milled to as

little as7 mils of insulation remaining are likely to survive OBJECTIVE: Assess whether high potential testing at
in an accidentafter thermaland radiationaging to the voltage levels foundin the previousobjectivecauses
conditionsdefinedin this testprogram.However,if higher damageto selectedvirgin cables.
appliedvoltages (>110 Vdc) or ac voltages had beenused
during the LOCAsimulation,post-LOCAdielectric CONCLUSION: Based on ultimatevoltage breakdown
strength data suggestsearlierfailuresmay have occurred, strength,six cycles of high potentialtesting of virgin
With more than 12 mils of insulation, however,there is no BrandRex cablesat 35 kVdcdid notcause damageto the
indication of potentialfailure even at higher voltages, cables. However,testing at 35 kVdcwould probablybe

unacceptableto utilities foruse in in situ testingbased on
RockbestosSR cablesmilled to as little as 4 mils of field experiencewith high potential testing.
insulation remaininghave a reasonableprobabilityof
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Executive Summary

OBJECTIVE: Determinethe relationshipbetween cable cables sustainedcracksduring thermal aging (prior to the
length and dc breakdownvoltage. LOCAsimulation),all of the cablessurvivedfora period
CONCLUSION: In a limited set of tests with applieddc of time in the LOCAsimulation. The firstOkonitefailure
voltages, no unexpected length effects were noted. Such (opening of 1 A fuse) occurredat 11 hours(justafterthe
effects hadbeen suggestedin previousac testing at Sandia chamberenvironmentbecame saturatedsteam)and the
whencables were tested in an ionized gas environment[2]. final Okonitefailureoccurred182 hoursinto theLOCA

profile(althoughtherewere indicationsof erratic behavior
Additionalresults, beyond the objectives,wereprovidedby andperhapseven failurewell beforethe fuse opened). It
this testprogram. The failuresof the Okonitecables in mustbe noted thatno chemical spraywas usedduring the
this programand in a previous test programsuggest that LOCAsimulation. Because of cracksthroughto
the bondedCSPEjacket is detrimentalto overallcable conductorsthat existed priorto the LOCA tests, the useof
integrity. These resultsindicatethat even the undamaged chemical spraywould almostcertainlyhave caused
cable cannot meet its rating with the bonded CSPEjacket electrical failuresto appear shortlyafterthe chemical spray
whenthermal aging is performedaccordingto the was startedbecauseof the enhancedgroundplane created
Arrhenius theoryas used in this testing. Another by the chemical spray.
interestingresult indicates that even thoughthe Okonite

NUREG/CR-6095 2



1.0 Introduction and Objectives

Amid allegationsthat cableshad been improperlyhandled The specific programobjectiveswere as follows:
andpotentiallydamagedduringinstallationat the Watts
Barand Sequoyahnuclearpowerplants, theTennessee a. Assess whetherhigh potential testing at
Valley Authority (TVA) proposedan in situ highvoltage 240 Vdc/mil causesdamage toselected cables.
dielectrictest programto assess whetherinstalled cables Highpotential testingof cableswill be performed
hadbeen damaged. Underagreementwith the Nuclear with the cables immersed in water.
RegulatoryCommission (NRC),TVA disconnected
suspectcables fromservice, filled the cable conduitwith b. Assess the minimum insulationthickness
water,andperformeda 240 Vdc/mil dielectricwithstand necessary foraccidentfunctionalitya,qer
test on the cables [3]. Cablespassing this test were acceleratedaging to nominal lifetimes of 40/60
assumedto be functional,while cables that failed this test years throughaging and accidenttesting of
were replaced. The NRC had objectedto the testingof damagedcables.
cables in air, but agreedto testing with the conduits
floodedwith waterprior to the high voltage application, c. Assess the voltage level necessary fora high
Plant operationspersonnelhad objectedto the use of water potentialtest to detectwhen the insulation
in the conduits,buteventuallyagreedto perform the tests, thickness hasbeen reducedto the minimum level
Someresults from the TVA testing weredescribedin as defined in objectiveb.
InformationNotice 87-52 [3]. Concernsfromthe
AdvisoryCommittee on ReactorSafeguards(ACRS), d. Assess whetherhigh potential testing (atvoltage
TVA, and internallyat the NRC were raisedthatthese levels foundin objectivec.) causes damageto
highpotential tests maybe damaging cablesand/orthat selectedvirgin cables.
the technicalbasis for setting the test voltage was
inadequate. To resolve these concerns_a test programwas e. Determine the relationshipbetween cablelength
set up to assess potentialdamageresulting fromhigh anddc breakdownvoltage.
potentialtesting andto examine the performanceof
damagedcablein accidentenvironments.

3 NUREG/CR-6095



2.0 Experimental Arrangement

2.1 Test Specimens determine if testing at the voltages defined in Phase II
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 Vdc/mil 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 Vdc/mil criterion is identical to that u_d 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 each of the three types of cable), each 3-fl
ethylene propylene diene polymethylene long, was subjected to 24 cycles of 240 Vdc/mil high
(EPDM) insulation with a 15-rail bonded 1 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 deenergized. The intent of

this procedure was to simulate 240 Vdc/mil 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 silicone rubber and jacketed with a fiberglass set and a similar set of 60 virgin cables were then
braid; subjected to dc breakdown testing (Because of the high dc

breakdown voltage of the Okonite cables, ac testing had

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 were

polyethylene (XLPE) insulation, compared to establish whether the 240 Vdc/mil affected
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 dc 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 silicone rubber of 0-50 kVac. The current trip sensitivity setting for the
product, but we were previously unable to procure it ac and dc 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 Vdc/sec 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

2.2 Test Strategy potential testing when testing damaged cable in thepresence of an ionized gas [2]. To address this

possibility when testing in water, two additional sets of
The test program consisted of three phases. Phase I was 15 Brand Rex cables (one set cycled at 80 Vac/mil as
the high potential testing of virgin cables to determine if described above, and the other set virgin) were tested to
240 Vdc/mil testing damages cables', Phase II was the breakdown in water with an ac potential applied. Table 1
testing of intentionally damaged cables to determine the shows the overall testing conditions for Phase I.
voltage level necessary to detect when damaged cables
will not survive aging and accident testing; and Phase III
was the high potential testing of virgin cables to

1 A bended jacket is defined as a cable jacket which cannot easily
be separated from the insulation. Possibly during natural aging or
accelerated aging, a jacket initially unbonded may effectively
become bonded.

NUREG/CR-6095 4



Experimental Arrangement

Table 1 ,Numbe7 of Samples for Each Test Condition. of 2 weeks (336 hr), Anhenius calculations gave an
aging temperatureof 158°C(316°F). Because all

Numberof sampleswere aged simultaneously,each materialhad a
Samples differentequivalentaging temperaturefor a 40- or

Cable Voltage Unaged Aged 240 60-yearlife. Table2 gives the approximateequivalent
Type Aging Condition Minutes aging temperaturesfor40- and 60-yearlifetimes foreach

BrandRex 240 Vdc/mil in Water 20 20 of the materialstested. The activationenergies in the
XLPE 80 Vac/mil in 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/mil in Water 20 20
Okolon The activationenergyforCSPE was estimatedbasedon

the data in References8 and 9. Three different

In additionto these tests, the relationshipbetween cable Hypalon® materialswere tested in References8 and9:
length anddielectricwithstandvoltage was investigated, the insulationof a Kerite cable, thejacket of the same

Kerite cable, and the innerjacketof an Anaconda cable.A decreasein dielectricwithstandvoltage is expected as
cablelength increasesbecauseof the randomnatureand In previouscontacts,Kerite indicated thattheir
magnitudeof 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 their insulation material

is not Hypalon®, 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 References 8 and 9.
voltages[2]. To briefly examine whether such an effect Because base Hypalon® is known to degrade in thermal
might occur with dc testing in water, three 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 sampleswere 25-11long and one significantly modify it for use as their cable insulation.
was 50-tt long. The data from the,longer cable lengths However, the jacket 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 the jacket materials should be most

representative of the Okonite jacket. The activation

2.2.2 Phase II energies in References 8 and 9 for thermal aging only are
24+1 kcal/mole (1.04:1:0.04eV) for the Kerite jacket,
25 kcal/mole (1.08 eV) for the Anaconda inner jacket,

Phase II consisted of aging and accident testing of 31
intentionally damaged cables (10 each of Brand Rex and and 21:t.2kcal/mole (0.91_+0.09eV) for the Kerite
Okonite, and 11 of Rockbestos) to assess the minimum insulation. Giving more weight to the jackets 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 Okonite jacket. The difference between the
accident conditions. The radiation aging was performed 1.04 eV and 1.08 eV is quite small and the lowervalue
in Sandia's Low Intensity Cobalt Array (LICA) facility in was selected for this test program.
a stainless steel test chamber surrounded by Cobalt

The accident radiation exposure consisted of 110 Mradpencils arranged in a configuration to meet desired test
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 130Mrad.
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.<rsample
standard deviation of 23.9 krads/hr. The desired

The thermal aging conditions were chosen to give a
60-year equivalent life at 65°C for a material with an temperature during thermal aging was maintained by two
activation energy of 1.00 eV. With a selected aging time circulation heaters and the test chamber was insulated to
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Experimental Arrangement

Table 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
(°r/°C) (eV) (°r/°C) (°r/°C)

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

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

BrandRex 316/158 336 1.37# 192/89 187/86
XLPE 0.91## 145/63 136/58

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

# Value fromdata in manufacturer'sreport.
## ValueforBrandRex XLPO from Reference7.,

Value fromdata inmanufacturer'sreporton nuclearqualifiedsiliconerubbercable.
Valueusedfor silicone rubbercable in Reference$ (samecableas usedin this test program).

to minimize heat loss. During the thermal aging exposure, computersystemautomatically monitored the insulation
the temperatureinside the chamber was monitoredby 20 resistance of each cable at intervals ranging from 10
typeK thermocouples, seconds to 10 minutesduring 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 observed:
in Figure AI of IEEE STD 323-1974 Standardfor
Qualifying Class IE Equipment for Nuclear Power • 240 Vdc/mil for five minutes based on the lowest
Generating Stations [10]. No chemical spray was used remaining amount of insulation 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
pressure profiles for the first four days. After the first four • 240 Vdc/mil for five minutes based on the
days, the temperature and pressure were not decreased nominal cable insulation thickness; and
according to IEEE STD 323-1974. Rather, they remained
at the ,samelevel for an additional six days, giving a total • ultimate breakdown voltage.
testduration 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 Seeping Study [! 1] thickness necessaryfor cable functionality during accident
indicated that equipmentoperability is most important conditions. To determine the voltage necessary to detect
dur/ng the initial few days of an accident. The study when less than the minimum thickness of insulation
concluded that "PRAs [probabilisticrisk 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 occursduring the then used for the Phase III testing.
first few days after accident initiation. Hence, PRAsonly
model plant accident response for the first24 to 48 hours." 2.2.3 Phase HI
Thus, use of results from a test having an accelerated

post-accident phase appears to have rclativelylittle risk The objective of Phase III was to assess whether high
significance, potential testing at the voltage levels defined in Phase II

causes damage to selectedvirgin cables. As in Phase I,
The cables wereenergized at 110 Vdc, 0 Amps during the ultimate cable breakdownvoltage in waterwas the
LOCA test. Each cable was individually connected to a criterion used to evaluate whetherdamage had been done.
1 A fuse. The fuse was sized to protect the powersupply A set of virgin cables was subjected to high potential
when grossfailure of a cable occurred. A data loggerand testing at thevoltage determined in Phase II for six cycles

NUREG/CR-6095 6



Experimental Arrangement

of five minuteson and five minutesoff, for a total of 60 locations on the cables were located near the metal vertical
minutes. Breakdownvoltages of these cables were supportson the test mandrel.
comparedto the breakdownvoltages of the unaged cables

fromPhase I to establish whetherthe voltage cycling Table 3 Cable Numberin_ Scheme and Damaee
affectedthe ultimatebreakdownof the cables. Estimates for Cables Tested in this Test Proeram

2.3 Sample Preparation CableType Cable Mils of
Number Insulation

No specialsamplepreparationwas neededforPhasesI and Removed
Ill. Samples were cut in 3-fl lengths withone end having (Range)*
a Raychemheat shrinkable endcap. Samples were cycled Brand Rex 1 20.5-22
underdefined conditionsand tested to breakdownin a XLPE 2 19.5-25
2.1-in innerdiameter(ID)conduitthat was filled with 3 24-27
water. 4 24.5-27.5

5 25-26

Samplepreparationfor the Phase IIaging and accident 6 24
exposuresrequiredapproximately60 ft of cable per 7 22-23
sample. Ten samplesof the OkoniteandBrandRex cables 8 20
and eleven samplesof the Rockbestoscable weretested. 9 0
All of the cables, except a virgin specimen of each type, , 10 15 .....
were damaged at five locations. A miniaturelathe with a Rockbestos 11 14.5-18.5
high speed grinding attachment was used to producea 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 controlledto a few 17 17-17.5
thousandths of an inch. The length of the damage area 18 10-11
was controlled by the longitudinal feedon 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
requiredto damage the cables. Damage extent on the Okolon 22 23.5-28.5
Rockbestoscableswas difficult to reproducebecauseof the 23 19.5-24.5
eccentricitybetween the insulatorandconductor. In 24 22.5-24.5
addition,as the damage to the Rockbestosinsulation 25 16-27
increased,the insulationeasily tore. Thus, heavily 26 20-24
damaged insulation (<5 mils remainingout of a nominal 27 17.5-24
30-mil wall) was not easily inducedby ourdamage 28 22-27
technique. The extent of damageat each locationwas 29 15-15.5
confirmedby measuring the cable diameterbefore and 30 0

after the milling operationand/orby selectedx-rays of the Rockbestos 31 ' 17-21
sample and/orby post-test thickness measurements using Silicone
an optical comparator. The cable numbering scheme, Rubber
togetherwith various thickness measurementsrange is
given in Table 3 along with the nominal damage range *Basedonpre-andpost-diameter measurements;allcableshadnominal
based on diameter measurements. 30 mils of insulation and were intentionally damaged in five locations.

The cableswere then wrappedarounda 12-inch diameter
mandrelmountedin a test chamber. The section of cable 2.4 Environment Monitoring
with the five damagedsites was approximately1.5 m (5 ft)
long within the chamber; the lead wiles inside the Twenty type-K thermocoupleswere placed near the cables
chamberwere aboutanother 1.5 m long (varies slightly to recordtemperatures. The thermocoupleswere
depending on the position of the cable in the test monitoredvia an HP3497A datalogger. The pressure
chamber); and the remainingcable length (approximately insidethe test chamberwas also monitoredduringthe
50 fD was used forexternal connections. The damaged accident steam exposureusing a Heise pressuregauge.

7 NUREG/CR-6095



Experimentxd Arrangement

2.5 Insulation Resistance are referredto as continuousIRs, although in reality they
arenot continuous. The continuousIRs arequite accurate

Insulationre,,;istancemeasurementswere madepriorto for resistancesas low as 100 fl. However,accuracyfor
and afterradiationaging andafterthermal aging using a high resistance measurements (>10 7 _) is limited by the
Keithley 619 electrometerconnectedto a computer-based design of the system[4]. (IRsabove 107 ['_fora 3-m
dataacquisitionsystem. A thoroughexplanationof the length of non-coaxialcable wouldbe expected to have
Keithley eleca'ometer IRsetup,procedures,andlimitations little adverseeffect on nuclear powerplant circuitry.)
can be foundin Appendix A of Reference4. Using the Keithley electrometersetup, IRmeasurements

were madeat several times during the accident steam

During the accident steam exposure, a data logger and exposure. These 1Rswere performedat voltages of 100
computer system automatically monitored the insulation and 250 Vdc for 1 minute, and can accurately measure IR
resistance of each cable at discrete times, ranging from 10 values up to approximately 10]2 f2.
seconds to 10 minutes between measurements. These IRs

Jacket (See Note)

Damaged Insulation (15 mils)

.:.:.:.:.:.:...:.:._.::.:_:.:.:.:.:.:::.:.:._:'::.:.:.:...._:.:..::.:.. .... ._ _[:?.._.:i:._:.,!::':!:,,!:_.:.:.::':!:_:.:,:_:_.:.:::::.:.:,:.':::[:.:_.:.':.:::.:_?.
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.............. I ..............

Damaged Insulation (7 mils)/
......... i .................. i.................... ..................... i_........... _ -.-, __. _. ,, -_ ,---, ....
:::::::::::::::::::::::::::..::::::::::::::::::::::::::::::::::_.::::::::::::::::..::::::::::::::::::::::::::::._::..::::::::::::::!::::.::::::i:::._::_:i:._:_::::_:i:::::.:.:...:[:::i_:_:_:[_:i:i:_::_:_:::i:::_:!::::_:_:::::::
:[:!:_:i:i:.":[:.::!:[:!:i:!;i:?,_:?..::'::'::':i::':!__::':i:i:_[::!:i::::::::':i:_:_:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

_::::::::::::::::::::::::::::::::::::::::::_::_'::::::::::::::'?.__..'-':::':::::::_::::'.':._:';'_.:?::'::':i":_::::::::_i: _:.":.!:i::::!:i':;::._:::._:_':-'i::-'.'_i'[:[:[:':._!_'::::::::::::::::::::::::::::::

:::::::::::::_::::._:_:..:::_.:::,::::._. ::%.:::::::::::._:'.:.:.:..::..'::.: :.:_.._.':• :_.:.:.:.:::.:::::::::::::::::::::::::::::::::::::::::::_:':.:::_:'::_::::.::_..:..::_:::::

Figure I Lengthwise Cross-Sections of Samples With 30, 15, 7 mils of Insulation Remaining
(NOTE: OnIy Okonlte Samples Have the Additional1S-rollBonded CSPE Jacket.)
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3.0 Test Results

3.1 Phase I Results ac and dc tests didnot producesignificantlydifferent
amountsof scatterin these tests. Note thatthe de-to-at

The resultsof the Phase I testing indicatethe differences breakdownvoltage ratio is about2.0 for the BrandRex
in breakdownvoltage betweencycled anduncycledcables cables, somewhatbelow the conventional3-to-1 ratio that

is typicallyused to comparedc andac testing. The same
foreach undamagedcable type. Followingthe 24 cycles ratiofor the Okonitecable is no less than 2.55
of voltage aging at 240 Vdc/mil, all cables were testedto (>80 kVdc/31.4kVac).
breakdownusing the dc test set exceptfor the Okonite
cables. Because the Okonitecableshad breakdown

voltages over80 kVdc (basedon the first 12 samples The resultsfrom the tests to assesswhetherbreakdown
tested), they were testedto breakdownusing the ac test voltage decreaseswith length indicatedthat the 3-R cable
set. The additionalset of 15 BrandRex cableswas also results(40 samples, fora total length of 120-fDdidnot

differappreciablyfromthe longerlength cable results(3
tested with ac appliedvoltages, samples, fora total length of 100 R). Forthis

Table 4 gives the mean and 95%confidence intervals for comparison, the "weak-link" theoryindicates that the
thedifferencesbetween breakdown voltages of uncycled lowest breakdownof e_¢h group of cables should be
(virgin) and cycled cables. The statistical data in Table 4 roughly the same. The lowest breakdownvoltage of the
arebased on the assumption that the breakdownvoltages 3-R samples was 44 k'_dc, while the lowest breakdown
are normally distributed. Note that, except for the voltage of the three longer samples was 45 kVdc. Of
Rockbestoscables, all of the confidence intervals include coursethe averagebreakdownof the 3-ftsamples was
0, indicating thatthe differencebetween mean higher (62.0 kVdc, including both the cycled and the
breakdownvoltages of cycled and uncycledcables cannot uncycled samples) than the averagebreakdownof the
be consideredstatistically significant at the 95% longer lengths (55.6 kVdc), again in accordancewith the
confidencelevel. It may also be concludedthat, with "weak-link"theory. Thus, these limited dc tests ir_water
95%confidence, the differencesbetween the mean do not suggestany unexpectedcable length effect
breakdownvoltages of uncycledandcycled cables do not (although the expected effect is present).
exceed 9.2 kVdc or 4.1 kVac for the BrandRex cables,
2.0 kVac for the Okonite cables and 3.1 kVdcfor the 3.2 Phase II Results
Rockbestos cables. Note that two of the differencesin
means were positive and two were negative. Based on

3.2.1 Thermal and Radiation Aging
the abovedata, high potential testing at 240 Vdc/mil does

notsignificantly change the ultimale breakdownvoltage For the PhaseII testing, the total radiation doseranged_
of the tested cables, from95-145 Mrad(becauseof gradientsin the test

In the tests to compare the scatter of ac versusdc testing, chamber). All of the cables had at least 120Mrad total
dose to some partof the cable. The chamber was not

the standarddeviationsof the dc breakdownvoltages
comparedto the means were 10.6% forcycled cables and rotatedduringthe radiationaging. No test anomalies
13.8%foruncycledcables. The standarddeviationsof ac were reportedduringthe irradiation period. Temperature
breakdownvoltages comparedto the means were 10.7% gradientsduringthermalaging were limited to about
forcycled cables and 12.6%foruncycled cables. Thus, ±7°F (±4°C). Figure2 shows the temperatureduring

Table 4 Breakdown Voltal_esand 95% Confidence Intervals from Phase I

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

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

BrandRex/at 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

9 NUREG/CR-6095



Results

thermalaging. Note the drop in temperatureat test failures,the NRC issuedInformationNotice 92-81
approximately6 days. This anomalyin temperaturewas [12]. The other two cable types (BrandRex and
caused by a failed electriccirculationheater. The Rockbestos)did nothave cracks in the insulation.
defectiveelectriccirculationheater was removedwhile
the remainingelectriccirculationheatermaintainedthe 3°2°2 LOCA Simulation Results
chamber temperatureabove 100°C until a new electric
circulation heaterwas added to restorethechamber to the Followingaging, the cables were subjectedtothe LOCA
desired temperature. The drop in temperatureexisted for simulation. The temperatureandpressureprofiles
approximately24 hours. The thermal aging was duringthe LOCA simulation are shown in Figures4 and
extendedby 24 hoursto compensatefor this anomaly. 5, respectively. Plots for the first 24 hoursof the accident
The effect of this anomaly is an insignificantincrease in simulationare shownalong with overalltest profiles.
the total thermal aging. The IR of each cable during the accident simulationis

shown in Appendix A. The power supplyenergizing the
180 testcables failedunexpectedlyat approximately30 hours

into the LOCA simulation. A new power supplywas
170 installed at approximately46 hoursinto the LOCA

__ simulation--this accountsfor the brief transientnotedin

160 manyof the insulationresistancegraphs. The only effect
G" of the failed power supplywas a loss of continuousIR
e,.,, 150 data duringthe outage. !

140 Because of the cracks in the Okonite cables, we expected
130 thatall the damagedOkonitecables, except for the

undamagedcable and the cablewith the least amountof
120 -Average damage,wouldfail early in the LOCA test. In fact, the,

' - M_nimum undamaged cable was one of the first cables to blow a
110 -Maximum 1A fuse afterthe chamberenvironmentbecame satura:ed

steamat approximately11 hoursfrom the startof the
100 ................... ' .... ' .... ' .... _.... LOCAexposure. (The undamagedcable blew its fuse at

0 50 100 150 200 250 300 350 400 about 14 hours into the test as shown in Table 5.) The
Hours last survivingOkonite cable sampleblew its 1 A fuse at

approximately182 hoursinto the LOCAsimulation.
Figure 2 Thermal Aging Profile Othercables thatwere known to have cracksthroughto

theconductordid notblow 1A fuses until as late as
After completionof the thermal aging, a visual 137hours into the LOCA test. Hadchemical spraybeen
inspectionrevealedthat all of the (intentionally) presentduringthe test, these cables would havealmost
damagedOkonitecableshad developedcracks in their certainlyall blown fusesearlier becauseof the enhanced
insulationand/orjackets. The virgin sample did not groundplane. These failureswould probablyhave
appearto haveany signs of cracks. Most of the cracks occurredsoon after the chemical spraywas started.
were adjacentto the damage locations, butoutside the

damaged area. Figure3 is a photographof these cracks An analysisof the IR dataof the Okonitecables
in severalof the Okonitecables. The crackswere (includingthe data in Reference 5) suggeststhatby the
circumferentialand most were through to the conductor, beginning of the secondtransient,the undamaged
althoughsome crackswere apparentonly in the CSPE Okonitecablehad cracked, Undamagedcable in
jacket (especially on the cablewith the least amountof Reference5 hadvirtuallyidentical IR behaviorduring
damage). No cracksthroughto theconductorwere noted both initial high temperaturepeaks while the undamaged
on the cablewith the least amountof damage. The exact cablein this program(FigureA-59) hadIlLsmorethan
causeof the cracksis unknown,buta majorfactor an orderof magnitudelowerduring the second high
appearsto be thermal aging of thebonded jacket temperaturepeak. Based on the long time thatit tookfor
material,followed byjacket crackingthatpropagatedto the fuse to open (about40 hours)afterthe first indication
the insulation. The bending of the cablesaroundthe test of IR degradationon Okoniteconductor#43 in
mandrelalso appearsto be a significantfactor. The Reference5, it is furtherevidentthat the longitudinal
cracks were clearly notcaused by sample preparationor crackingof the otherOkonitecables almost certainly
handlingduringtesting. Sampleswere carefully occurredpriorto opening of the circuit fuses. When a
preparedusing minimal clampingpressure and inspected cable splitslongitudinally (as all the Okonitecablesdid),
aftermilling. Therewas no samplehandlingafteraging, the geometrychangesand the IR degradesuntil complete
Becauseof these failuresand othersubsequentaccident

NUREG/CR-6095 10
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Figure 3 Cracks in Okonite Insulation After Thermal Aging
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Figure 4 LOCA Simulation Temperature Profiles

failure occurs. Because no chemical spray was used in Rather, any cable that demonstrated erratic IRbehavior
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.

2Inasteamenvironment,a cablewitha crackthroughtotheconductor
behavesmuchlikea terminalblock(inthesensethatpowerandgroundare
onlyseparatedbytheenvironment),withIRverydependentongeometry
andenvironment.Sometheoreticalconsiderationsregardingterminal
blockIRaregiveninReference[13].
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Figure 5 LOCA Simulation Pressure Profiles

It was evident during the post-LOCAinspectionthatthe discussionof test sequence,which was also different
Okonitecables had clearlydeterioratedgrosslyduring the betweenthe two test programs). Thus we stronglybelieve
LOCAexposure. All the Okonitecables had longitudinal thatthe level of thermalaging used in this testprogram
cracksovermuchof their length, exposing the center was the single most importantenvironmentalfactorthat
conductoras shown in Figure6. In addition,identical causedthe Okonitecables to fail. Notethat the datain
undamagedsingle conductorOkoniteOkolon cablesthat Figure l0 of Reference8 forHypalon-Csuggeststhatthis
were used as cableties in the testchamberexhibitedthe material wouldhave an elongation of only about20%
same type of extensive longitudinalcracking. Because of absoluteafter4 days of aging at 158°C. After two weeks
the natureof these failuresandcomparisonwith previous at 158°C, the Hypalonis expected to haveno residual
testing (discussedlater),we believe thatthe failurerateof elongation(even withoutany radiationapplication).
the OkoniteOkoloncables underourtestconditions is
essentially 100%. Because of their unexpectedfailures, no In the previoustesting [5], one of fourOkonitecables
data for the minimuminsulationthickness necessaryto failed duringa LOCAsimulationafteraging for 9 months
surviveaging and accident testscan be determinedfor the at about98°C (208°F), while none of three cables failed
Okonitecables. The observedfailureswere verysimilarin during a LOCA simulationafteraging for6 months at
appearanceto a failure of an Okonitecable andseveral 98°C (208°F). Inboth cases, radiationaging was
failuresof anothercablethat hadbondedCSPEjacketsin performedconcurrentlywith the thermal aging. The
previoustesting at Sandia [5]. equivalent40-yearaging temperaturescorrespondingto

the 9- and6-month aging exposuresare57°C (135°F) and
I Based on a comparisonof the experimental conditions in 54°C (129°F), respectively,assumingan activationenergy

this testprogramsandReference5, the only significant of 1.04 eV (which corresponds to an approximate
differencethat could affect theundamagedcablesas well activationenergy for the Okonite CSPEjacket). Thus, in I
as the damaged cables appearsto be the increasedthermal an approximatesense, we can say that after the equivalent
aging used in this program(see AppendixB for a

Table 5 Times When Okonite Cables Blew IA Fuses*
III i

Cable Time of Cable Time of
Number Blown Fuse Number Blown Fuse

, hou,) houO
21 102 26 90
22 137 27 122
23 50 28 97
24 II 29 182
25 81 30 14

•Interpretationof thetimeswhenfusesblewmustbedonewithcaution(seeSection3.2.2).

NUREG/CR-6095 12
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Figure 60konite Cable Failures After LOCA Sinmlation

of 40 yearsat 54°C (129°F), 0 of 3 cables'failed; afterthe temperaturepoint on a given curverepresentsthe same
equivalentof 40 yearsat 57°C (135°F), 1of 4 cables thermalaging as any otherpoint on the same curve. Thus,
failed; andafterthe equivalentof 40 yearsat 76°C forexample,at 50°C for60 years, no failureswouldbe
(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 expected; 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).
Beyond 55°C (13I°F) normal temperature for 40 years, the
probabilityof failureduringan accident increasesandby In additionto theOkonite cables, five BrandRex andtwo
72°C (162°F) for40 years, failureappearsalmostcertain Rockbestoscablesthat hadbeen (intentionally)damaged
(forthe radiationexposuredoseand accidentprofilcused priorto aging also blew their 1A fuses duringthe LOCA
in our testing). Appendix B includessome discussionof simulation. The failuresof the BrandRex and Rockbestos
the effect of the radiationexposureandthe approximate cablesduringaccidenttesting were all at damaged
equivalentthermal aging if radiationhad notbeen locations. The damagelocationswere cut fromthe cable,
included, cross-sectionedas close to the breakdownlocationas

possible,and the insulationthickness was measuredusing

To applythe datato lifetimes of other than 40 years,the an opticalcomparator.Tables6 and 7 give a summaryof
Arrheniustheory can be used to equatethe testconditions the performanceof the BrandRex and Rockbestoscables
to a temperatureforany given lifetime (orconversely,a in the LOCAtests. The nominalremaininginsulationis
lifetime at any given temperature). This is shown in basedupon diametermeasurementsduringmilling. The
Figure 7, where the thermalaging datafromthe previous opticalmeasurementwas performed afterLOCAtesting.
testing and the currenttesting is compared,using an FromTable6, it appears that 7-mils is aboutthe minimum
activationenergyof 1.04 eV. The topcurve is based on insulationthicknessnecessary for BrandRex cable
the currenttesting and is obviously the most severeof the functionalityduringaccidentconditionsafter aging to the
thermalaging conditions. The middle curvecorresponds conditionsused in this testprogram. Cable4 exhibited
to 9 monthof aging at 98°C (208°F) andthe lowercurve signs of failurein 4 outof 5 damage locations;thus, the
correspondsto 6 months of aging at 98°C (208°F). dataforcable 4 in Table6 is reportedas a range of
Assumingthe Arrheniustheoryto be valid, anytime- remaininginsulationthickness_ Cables 2 and6 both
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* All Okonite cables failed.
** 1of 40konite cablesfailed.
*** 0 of30konite cables failed.

Figure 7 Equivalent Time-Temperature Corresponding to the Thermal
Aging in this program and Previous Sandia Testing

Table 6 Summa_ of .BrandRex Cable Data
Illllll

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

Cable # Insulation (YES/NO) Breakdown Optical Voltage*_
(mils) Voltage (Vdc)_ Measurement (Vdc/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 141hrs 4.4 ..........
6 3 Y 500 5.6 89
7 8 N Failed Immediately 3.9 ..........
8 10 N 2400 7.7 310
9 30 N 58000 N/A 1900'**
10 15 N 28000 12.7 2200

* For those cablesthatblew the I Ampfuseduringthe LOCAsimulation,thehourthat the fuse openedwas recordedasthefailuretime.

** This datais basedon remaininginsulationthickness.Thickness is basedonbest availablemeasurementusingoptical,x-rayor diameter
measurements,in orderof preference.

***
Basedon nominalinsulationthickness of 30 mils.
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Table 7 Summa_ of Rockbestos Cable Datai i ii ii i i ........

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

Cable # Insulation (YES/NO) Breakdown Optical Voltage**
(mils) Voltage (Vdc)* Measurement (Vdc/mil)

(mils)
11 11.5 N 3400 16.5 210"**
12 19 Y 2200 18.9 120'**
13 12.5 N 21500 21.6 I000
14 17.5 Y FailedImmediately 20.9 ..........
15 20 N 23000 9.2 2500
16 19.5 N 6800 3.9 1700
17 17 N Fuse Blown 175hrs N/A ..........
18 19 N 33000 13.2 2500***
19 14.5 N 3I000 13.5 2300
20 30 N 50000 N/A 1700"***
31 5 N 8100 5.3 1500

ForthosecablesthatblewtheIAmp fuseduringtheIDEA simulation,thehourthatthefuseopenedwasrecordedasthefailuretime.
**

Thisdataisbasedonremaininginsulationthickness.Thicknessisbasedonbestavailablemeasurementusingoptical,x-ray,ordiametermeasurements,
inorderofpreference.

***
These cablesdidnotbreakdownat damagedlocations,butthe Vdc/milisbasedonthe opticalmeasurementofthicknessat the damagelocation
nevertheless.Thefact thatthe cablesdidnotbreakdownatdamagedlocationsindicatesthatthe given levelofdamage is noworsethan worstcase
"randomdefects".

,***
Basedon nominalinsulationthicknessof 30 mils. Actualinsulationthicknesswas probablylower,whichwouldhave resultedin higher breakdownvoltage
per mil.

passedthe LOCAtestwith less than 6 mils of insulation muchas 10-mils or more; forexample, see the errorin the
remaining. However,these cablesfailedveryearly in measurementof cable 15).
dielectrictesting (discussed later), indicatingthat they may
have failed duringthe LOCAif ac voltages had been In contrastto the two cable failures, severalRockbestos
appliedand/orif the appliedvoltage had been higher (but cablessurvivedthe accidenttest with insulation
still within the ratingof the cable), thicknesses rangingdown to 3.9 mils. Becausethe only

failuresoccurredwith about 15-20 mils of insulation

Table7 indicatesthat the two Rockbestoscablesthat failed remainingandbecause all five cables with less than
duringLOCAexposurehad approximately17-21 mils of 15 mils of insulationremainingsurvived the accidenttest,
insulationremaining. These two Rockbestoscablesbegan the reduced insulationthickness was probablynot the most
to show degradationduringthe accidenttest at about26 critical factorin the failures. However,it mustbe noted
hours(cable that blew I A fuse) and212 hours (cable that that the cable that blew a 1 A fuse during the LOCA
did notblow a 1A fuse). Only one of these cables exposureand the cable that failed immediatelyduringthe
underwentpre-testx-rays to confirmremaininginsulation post-LOCAdielectric testboth had failuresoccurat
estimates,with the x-ray indicatinga minimum remaining damaged locations, indicatingthat the reducedinsulation
thicknessof 17.5 mils. The actualfailurepoint of this was at least an importantfactorin the failures. The results
same cable was measured as 20.9 mils with the optical suggest that if this silicone rubberis used at somewhat
comparatorafterthe test (note thatthe actualfailurepoint lowerthermaland/orradiationaging conditions,it might
would notnecessarilybe the pointof minimum insulation be expectedto surviveaccidenttesting forcableswith
thickness). After the accident,the remainingthicknesson 4 mils or moreof remaininginsulation. Itis even possible
the other sample could notbe determinedbecauseof severe that cables with less remaininginsulationwould survive
degradationat the failurepoint. Unfortunately,this cable since all of the testedcableswith less than 15 mils of
was not x-rayedbeforeaging andthe only measurementof insulationsurvived the accident testing. During sample
insulationthickness is basedon the diameter preparation,we foundthat when the insulationwas milled
measurementsduring milling. Becauseof the strong below a certain point (approximately25 mils of insulation
eccentricityof the RockbestosSRcables, this latter removed),the insulationtoreand exposed the conductor;
measurementscanbe significantlyin error(perhapsby as
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thus,we were unableto easily mill samples to remaining tests, neither of these two cables hadany indication of
insulationthicknesses less than 5 mils. problemsduringthe LOCAsimulation. There appearsto

be a cleardifferencein breakdownvoltage in Vdc/mil
Severalof the Rockbestosconductorstested had some between the BrandRex cables with less than 8 mils of
unusual IR behavior duringthe accidentexposure(Figures insulation remainingand those with greaterthan 12 mils
A-22, A-26, A-30, A-38, and A.62). The IR remaining. With less than 8 mils remaining,the
measurementswere neverthelessalmost alwaysabove breakdownvoltage did notexceed 320 Vdc/mil, while
106f_ forall of these cables. Based on the consistencyof above 12 mils the breakdownvoltage was not less than
the redundantIRmeasurementsin this programas well as 1900 Vdc/mil.
with the data in Reference6 (the values in this program
havetobe divided by about 50 to give the f_-100 m units 4000
in Reference6) and the lack of similarunusual readingfor
any other cables tested,we must concludethat the • BrandRex
observed1Rbehavior is real. Because similar behavior B . RockbestosSR
was no_.noted in Reference 5, we are led to the conclusion 3000 -- -
that the unusualIR readings havesomethingto do with the

fact thatthe cables weredamaged, although we do not __ , a
have any reasonable explanationfor the mechanism
behindthe unusual readings. 2000 b

,
3.2.3 Post-Accident Dielectric Tests i_

Followingcompletionof the accident test, surviving cables 1000 a
were subjectedto the following dielectrictests until failure
of the cable was observed. Cablesremainedon the _"

mandrelfor the dielectric test except for the Okonite " •
cables,which were removedbecauseof theirtotal failures. 0 0 5 10 15 20 25 30

a. 240 Vdc/milfor five minutes basedon the RemainingInsulation(mils)
lowest nominal remainingamountof
insulation. See Figure8 curve A. Fig, re 8 Dielectric Strength Based on Nominal

Remaining Insulation Thickness
b. 240 Vdc/mil for five minutesbased on the

nominal cableinsulationthickness (7200 Vdc
for all cables tested). See Figure8 line B. After the accidentexposure,the silicone rubbercables

wereveryfragile. The silicone rubbercables all had
c. Ultimate breakdownvoltage, breakdownvoltages of at least 1000 Vdc/mil except

cable 12, which had a breakdownvoltage of 120Vdc/mil.
The resultsof these post-LOCAbreakdowntestsaregiven Note thatcable 12had no indicationof degradationduring
in Tables6 and 7. Figure8 presentsthe dielectric strength the LOCAexposure. Cables 11, 12, and 18 did notbreak
datain Vdc/mil of remaininginsulationversus remaining down at damage locations. Cable 11brokedown at a
insulationthickness for the BrandRex and Rockbestos locationawayfromany damage, while cables 12and 18
cables. Not,;that the two BrandRex cablesthatpassed the brokedown in locationsadjacentto a damage area. When
accidenttest with less than7 mils of insulationremaining cable 12was inspectedafterthe breakdown,a crackwas
(samples2 and6) both had breakdownvoltages less than foundadjacentto a damaged area. It is possiblethatthis
the 600 Vac ratingof the cable(considering600 Vac to be cable was accidentallybumpedanddamaged during the
equivalentto 1800 Vdc). In addition,the breakdown removalof the Okonitecables from the test mandrel(the
voltage in Vdc/milfor these two cableswas muchlower Okonitecableswere removedfrom the mandrelprior to
thanthe expected breakdownvoltage of this materialafter the breakdowntesting of the remainingcables), causing
LOCA (i.e. about 14000kVac for an undamagedcable[6] the prematurebreakdown. However,the fact that the
or the equivalentof about 1800 Vdc/mil). If the cables had breakdownvoltage was over 2000 Vdc tends to indicate
been energizedwith ac potential and/orif the applied that damage was notdone during removal,since any
voltage hadbeen higher (butstill within the ratingof the damagedone duringremovalwouldbe expectedto cause
cable), it is possible that these cableswould havealso through-wallcracks[5]. Rather,the crackwas probably
failed duringthe accidentexposure. However,unlike the inducedwhen the cable brokedown. Similarbehavior was
cablesthat immediatelyfailed the POst-LOCAdielectric observed witha Kerite cablein previousSandiatests when

NUREG/CR-6095 16



Results

thecable was subjectedto post-LOCAbendsand high with voltage appliedand 30 minuteswithout voltage
potentialtesting [6]. applied). The cableswere then testedto breakdownin a

2.1-inch ID conduitfilled with water. Table 8 gives the
mean and 95%confidence intervalsfor the breakdown

3.3 Phase III Results voltages for these cycled cables andthe virgin cables from
Phase I. Note that the differencein means is positive,

The resultsfromthe Phase Ill testing show the differences indicatingthatcycling did notappearto adverselyaffect
in breakdownvoltages between BrandRex cablescycled at the breakdownstrengthof the cables. However,it should
35 kVdcand the uncycled BrandRex cables fromPhaseI. be notedthatthe BrandRex cables tested in Phase llI were
The 35 kVdc cycling voltage criterionwas determinedby froma differentreelof cable than those tested in Phase I.
examiningthe resultsof numerousbreakdowntestsof Thus, one possible explanationfor the unexpectedincrease
damaged(milled) BrandRex cables as shown in Figure9 in breakdownvoltage aftercycling is reel-to-reel
and from previous Sandia tests [2]. The 35 kVdctest variations.
voltage will detectwhen BrandRex cables have insulation
damagegreaterthan 23 mils providedthatthe cablesare
tested in water. Twenty-fivecableswere cycled as in
PhaseI for a total of 60 minutes at 35 kVdc (30 minutes

Table 8 Breakdown Voltages and 95%Confidence Intervals fromphase llI ......

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)

BrandRex/DC 59.7 69.4 9.7 ± 4.0 20/25

kVdc
70

8055

5o "",

40 _

35 _.._.,.
30 _ _ •

15 ,

1o
5

15 17 19 21 23 25 27 29
Mils Removed

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

The following conclusions maybe drawnfrom this d. The majorcauses of the Okonitecable failures
program: seem to be the extent of the thermalaging and the

presenceof a bonded CSPEjacket thatages more
a. BrandRex XLPE cablesmilled to 7 mils of rapidlythan the underlying insulation. The tested

insulationremaining(comparedwitha nominal cable was ratedfor40-yearoperationat 90°C
30 mils of insulationforan undamagedcable) are (194°F), while our testing simulated only about
likely to survivein an accident afterthermaland 72°C (162°F) for thejacket and76°C (169°F) for
radiationaging to the conditionsdefined in this the insulation,using the activation energiesgiven
test program. A high potentialtestat 35 kVdc in Table 2.
was requiredto detect this level of damage.

e. In a limited set of testing withapplied dc
b. RockbestosSRcables milled to haveas little as voltages, no unexpectedlength effects were noted.

4 mils of insulation remaining(comparedwith a Sucheffects hadbeen suggestedin previousac
nominal 30 mils of insulationfor an undamaged testing at Sandiawhenthe cableswere tested in
cable) havea reasonableprobabilityof surviving an ionized gas environment. !
in an accident after thermaland radiationaging
to the conditions defined in this test program. 1'. Twenty-four cycles of high potential testing of

cablesat 240 Vdc/mil did not cause a reductionin
c. All of the (intentionally)damaged Okonite breakdownvoltage for the three cable types tested.

EPDM/CSPE cables with less than 15 mils of

insulation remaining failedbefore the completion g. Six cycles of high potential testing using a test
of aging. The one undamaged cable failed during voltage of 35 kVdc forBrand Rex cables didnot
the LOCA simulation shortlyafter the test appear to cause damage to thevirgin cables.
chamberenvironmentbecame saturatedsteam. However,the effect of testing actual plant
The one cablethat hadapproximately15 mils of installed cable at this voltage level is unknown.
insulation remaining blew a 1 A fuse 182 hours This conclusion is certainly n_9.!ota
into the LOCA simulation. This cable had cracks recommendation to perform any specific
in the jacket, but not in the insulation, after aging, breakdowntesting on installed cables.
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Appendix 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 1 minute duration.
Table A-1 shows the Keithley IR measurements taken between the aging and accident sequences.



Table A-1 Keithley Discrete IR Measurements Taken Prior to LOCA Testing

Cable Number Baseline IR Post Radiation Aging Post Thermal Aging

(xl0 n _) Pre-Thermal Aging Pre-LOCA

................ _xlOZ'n) (xlO n n) ,.
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
8 3.64 1.79 14.51
9 3.84 1.71 20.29
10 3.55 1.88 17.87

Rockbestos SR
11 0.42 0.40 3.22
12 0.20 O.17 1.67
13 0.40 O.13 2.23
14 0.16 0.16 1.63
15 0.34 0.02 1.49
16 0.27 O.11 2.05
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 6.96
26 2.57 1.12 7.14
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
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L , , , i i ,

Brand Rex 01 Continuous

I.OOE+IO " 100 V IR

._ • I * 250 V IR
1.OOE+09 * •

•

_ 1.00E+07
O

1.00E+06

1.00E+05 ....................... , ............

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

LOCA Exposure (hours)

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

Brand Rex #1 Continuous

I 100 V IR
1.00E+I0

. , 250 V IR

._ 1.00E+09 %
O

_ 1.00E+08
.._

_ 1.00E+07
O

1.00E+06 ,
.q

1.00E+05 ......................

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

LOCA Exposure (hours)

Figure A-2 Insulation Resistance for BrandRex Sample #1.
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Brand Rex #2 Continuous

• 100 V Ig
1.00E+10

• ° 250 V IR

_ 1.00E+09 " • •

_ 1.00E+07

1.00E+06

1.00E+05 ..................................
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LOCA Exposure (hours)

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

Brand Rex #2 Continuous

• 100 V IR
1.00E+10

• * 250 V IR

_ 1.00E+09 _' g e m |
0

,m,i
Ctl

_' 1.00E+07
O
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1.00E+05 ' ' .......................

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

LOCA Exposure (hours)

Figure A-4 Insulation Resistance for Brand Rex Sample #2.
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Brand Rex #3 _ Continuous

I 100 V IR
1.OOE+IO

,_, I " 250 V IR

_ 1.00E+09 " •

II
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'_ 1.00E+05

,._ 1.00E+04

1.00E+03 ..................................
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LOCA Exposure (hours)

Figure A-5 Insulation Resistance forBrandRex Sample#3 during the first 24 hours.

Brand Rex #3 Continuous

• 100 V IR
1.OOE+IO

• " 250 V IR

1.00E+09 *,

ooo 1.00E+08

_ 1.00E+07
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'_ 1.00E+05
-fl
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1.OOE+03 .......................
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Figure A-6 Insulation Resistancefor Brand Rex Sample #3.
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Brand Rex #4 --_ Continuous

• 100 V IR
1.00E+10

_ 1.00E+09 " " " 250VIR

at

._ 1.00E+07

_ 1.00E+06

•_ 1.00E+05

1.00E+04

1.00E+03 .............................

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

LOCA Exposure (hours)

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

Brand Rex #4 Continuous

• IOOV IR
1.OOE+IO

• " 250 V IR

_ 1.00E+09 ,.

_ 1.00E+07
.._

Fuse Opened
O

"_ 1.00E+05

_ 1.00E+04

1.00E+03 ......................

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

LOCA Exposure (hours)

Figure A-8 Insulation Resistance for Brand Rex Sample# 4.
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Brand Rex #5 Continuous [ '

I.OOE+IO • 1130V IR

• " • 250 V IR

1.00E+09 • m ,[

'_ 1.00E+07
g 1.00E+06

1.OOE+05

1.00E+04 ...............................

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

LOCA Exposure (hours)

FigureA-9 InsulationResistanceforBrandRexSample#5 duringthefirst24 hours.

Brand Rex #5 Continuous

1.00E+10 • 100 V IR

._ " 250 V IR1.00E+09 ".
O

oo 1.00E+08 1'_ 1.00E+07 FuseOpened

o_ 1.OOE+06

1.00E+05

I.OOE+04 ........................................

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

__ LOCA Exposure (hours)

FigureA-10 InsulationResistanceforBrandRexSample#5.
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Brand Rex #6 Continuom

1.00E+I0 • 100 V IR

"• * 250 V IR
1.00E+09 • •

.i_-.----,.,._

1.00E+07

8 1.00E+06
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0 2 4 6 8 10 12 14 16 18 20 22 24
I
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FigureA-I 1 InsulationResistanceforBrandRex Sample #6 during the first 24 hours.

Brand Rex #6 Continuous
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1.00E+09 •

1.00E+07

1.00E+06

1.00E+05 .....................................
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Figure A-12 Insulation Resistance forBrand Rex Sample #6.
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I

Brand Rex #7 _ Continuom ]I
I

1.00E+10 t 100 V IR II

m * 250 V Ig I
I.OOE+09 *• * ]

II I

i l.OOE+OS V I
1 00E+07 l
' I
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I

1.00E+05 i
I

1.00E+04........ ,_. _ -,-, ,_....., ................ l
i

0 2 4 6 8 I0 12 14 16 18 20 22 241!
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FigureA-13 InsulationResistanceforBrandRexSample#7 duringthefirst24 hours.

Brand Rex #7 _ Continuous
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" * 250 V IR
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l

II

1. E,O
. 1.00E+07

_ 1.00E+05
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FigureA-14 InsulationResistanceforBrandRexSample#7.
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Brand Rex #8 _ Continuous
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• @
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FigureA-15 InsulationResistanceforBrandRexSample#8duringthefirst24 hours.

Brand Rex #8 Continuous
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1.00E+04 ............ -,----.... , ........,........
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FigureA-!6 InsulationResistanceforBrandRexSample#8.
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I
Brand Rex #9 Continuous II

i
I

1.00E+10 • 100 V IR I
I

s 250V IR

a I

I f3_1::4.f_Q Io
• R • l

" " V1.00E+08 v" -- [I
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1.00E+06 ....... ' ............................................ , _ _J

I

0 2 4 6 8 10 12 14 16 18 20 22 24]
I
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Figure A-17 insulation Resistance for Brand Rex Sample #9 during the first24 hours.

Brand Rex #9 Continuous

I.OOE+IO s lO0 V IR
(
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III
|
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i T "
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FigureA-I 8 InsulationResistanceforBrand Rex Sample #9.

NUREG/CR.45095 A-I0



Brand Rex #I0 _ Continuous

I 00E+I0 • I00 V IR

" 250 V IR
II
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"_ 1.00E+08 " "

_ 1.00E+07
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FigureA-19 insulationResistanceforBrandRex Sample #10 duringthe first 24 hours.

Brand Rex #I0 Continuous
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Figure A-20 InsulationResistanceforBrandRex Sample #10.
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Rockbestos SR #11 - Continuous

= 100 VIR
1.OOE+IO ,

,', * 250 V IR

_ 1.00E+09
',n

1.ooE+os
1.00E+07 :e

1.00E+06 ,: •

1.00E+05 • ' .................. '............

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

LOCA Exposure(hours)

FigureA-21 Insulation Resistance forRockbestosSR Sample# 11during the first 24 hours.

Rockbestos SR #11 Continuous
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Figure A-22 Insulation Resistance forRockbestosSR Sample #I 1.
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Rockbestos SR #12 _ Continuous

• 100V IR

1.00E.I0
• 250 V IR

_ 1,00E+09
a

1.00E+08 _ '

1.00E+07

1.00E+06

1.00E+05 .............. ' ..................

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

LOCA Exposure (hours)

Figure A-23 InsulationResistance forRockbcstosSRSample #12 duringthe first 24 hours.
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, Figure A-24 Insulation Resistancefor RockbestosSR Sample# 12.

A-13 NUREG/CR-6095



Rockbestos SR #13 Continuous
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Figure A-25 Insulation Resistance for Rockbestos Sample#13 during the first 24 hours.
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Figure A-26 Insulation Resistance for RockbestosSR Sample #13.

NUREG/CR-6095 A-14



Rockbestos SR #14 _ Continuous
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Figure A-27 Insulation Resistance forRockbestosSample #14 during the first24 hours.
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Figure A-28 Insulation Resistance forRockbestosSR Sample#14.
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Rockbestos SR #15 Continuous
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Figure A-29 Insulation Resistancefor RockbestosSample #15 duringthe first 24 hours.
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Figure A-30 Insulation Resistancefor RockbestosSR Sample #15.
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Rockbestos SR #16 Continuous
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Figure A-31 Insulation Resistancefor RockbestosSample #16 duringthe first24 hours•
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Figure A-32 Insulation Resistance for Rockbestos SR Sample#16.
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Rockbestos SR #17 _ Continuous
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FigureA-33 Insulation Resistance for RockbestosSample #17 during the first 24 hours.
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FigureA-34 Insulation Resistance forRockbestosSRSample #17.
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Roekbestos SR #18 _ Continuous

• I00 V IR
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FigureA-35 InsulationResistancefor RockbestosSample #18 duringthe first24 hours.

Rockbestos SR #18 Continuous
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Figure A-36 InsulationResistance forRockbcstosSR Sample #18.

A-19 NUREG/CR-6095



Rockbestos SR #19 _ Continuous
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FigureA-37 InsulationResistanceforRockbestosSample #19 duringthe first 24 hours•

Rockbestos SR #19 _ Continuous
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Figure A-38 Insulation Resistance forRockbestosSR Sample #19.
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Rockbestos SR #20 Continuous
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FigureA-39 InsulationResistancefor RockbestosSRSample#20 duringthefirst24 hours.

RockbestosSR #20 _ Continuous
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FigureA-40 InsulationResistanceforRockbestosSRSample#20.
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FigureA.41 InsulationResistance for OkoniteOkolon Sample #21 duringthe first 24 hours.
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FigureA-42 InsulationResistanceforOkoniteOkolon Sample#21.
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FigureA-43 InsulationResistanceforOkoniteOkolon Sample #22 duringthe first 24 hours.
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Figure A-44 InsulationResistance forOkoniteOkolon Sample #22.
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FigureA-45 insulation Resistance forOkoniteOkolon Sample #23 duringthe first24 hours.
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Figure A-46 InsulationResistance for Okonite Okolon Sample#23.
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OkonlteOkolon #24 Continuous
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FigureA-47 InsulationResistanceforOkoniteOkolonSample#24duringthefirst24 hours.
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FigureA-48 InsulationResistanceforOkoniteOkolonSample#24.
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Okonlte Okolon #25 Continuous
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FigureA-49 InsulationResistanceforOkoniteOkolon Sample#25 duringthe first24 hours.

Okonite Okolon #25 Continuous
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FigureA-50 InsulationResistanceforOkoniteOkolon Sample #25.
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Okonite Okolon #26 _ Continuous
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Figure A-51 InsulationResistanceforOkoniteOkolon Sample #26 during the first 24 hours•
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FigureA-52 Insulation Resistance for OkoniteOkolon Sample #26.
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Okonite Okoion #27 _ Continuous
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FigureA-53 Insulation Resistancefor Okonite Okolon Sample #27 during the first24 hours.
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Figure A-54 Insulation Resistance for Okonite Okolon Sample#27.
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Okonite Okolon #28 _ Continuous
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Figure A-55 Insulation Resistancefor Okonite Okolon Sample #28 during the first 24 hours.
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Figure A-56 Insulation Resistance forOkonite Okolon Sample #28.
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Okonite Okolon #29 _ Continuous
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Figure A-57 InsulationResistancefor OkoniteOkolon Sample #29 during :he first24 hours.
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Figure A-58 Insulation ResistanceforOkonite Okolon Sample #29.
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Okonite Okolon #30 Continuous

• 100 V IR
1.00E+09

_ 1.00E+08 • 250V IR1.00E+07

• 1.00E+05

1.00E+04 L,,.

_ 1.00E+03 l F/e Opened

'_ 1.00E+02 m

1.00E+01

1.00E+00 ........................

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

LOCA Exposure (horn)

Figure A-59 InsulationResistanceforOkonite Okolon Sample#30 during the first24 hours.
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Figure A-60 InsulationResistancefor OkoniteOkolon Sample #30.
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Rockbestos SR #31 Continuous
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Figure A-61 InsulationResistanceforRockbestosSR Sample#31 duringthe first24 hours.
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Figure A-62 Insulation Resistancefor RockbestosSR Sample#31.
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Appendix B Test Sequence Considerations
Manyr_ewers of this reportcommentedthat the testsequenceof applyingthe total radiationdose priorto thermal
aging was unrealisticand/orextremelyconservativeandthatit was notclear thatthe only significant difference
betweenthis testprogramandprevious Sandiatestingwas the level of thermalaging. This appendixaddressesthese
concerns.



Appendix B Test Sequence Considerations

Many reviewers of this report commented that the test equivalent to 206 yrI 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/% curve on Figure i i 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-I testing and this test program was the level damage as a thermal-only exposure three times longer in
of thermal aging. This appendix demonstrates why we duration. This means that the 9-month simultaneous radiation
believe that the test sequence is irrelevant to the test results and thermal exposure is equivalent to a thermal-only
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 ! 180 yr at 45 °C, or about
This belief is supported by the manufacturer's qualification 75°C for 40 yr, again using an activation energy of 1.08 eV.
test, which included an unjaeketed 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 (i i 80 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 ! 180 years gives an equivalent
the 6- and 9-month aging exposures from Reference B- I of 13 rad/hr (0. !3 Gy/hr). Again using Figure I 1 from
along with the test conditions and failures from this test Reference B-2, the thermal 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 construction. 13 rad/hr (0.13 Gy/hr) point. Thus, the combined thermal
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 (2.2 x ! 180 years) at 45°C, or 83 °C for 40 years, with no
exposure. In both cases, no failures were observed, radiation exposure 2. It should be noted that this cable is

claimed to be qualified for 40 yr at 90°C plus 200 lvlxadof
Figure B-1 shows the Okonite cable failure thatoccurred in radiation exposure.
the Reference B-1 testing. Note the similarityto 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 amount of aging, we will refer to
cable. This similarity in appearance between the test failures Figure I0 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 elongation of about 10%

The simulations that were used in Reference B-1 are

obviously the most realistic in that the aging radiation and I
Notethatsomeequivalentagingtimesat45"Careverylong.The

thermal aging were applied simultaneously and at quite low 45°c referencetemperatureisusedsolelyas ameanstocomparedata
acceleration factors relative to typical testing. Note that the betweenthisprogramandpreviouswork.Itmustberecalledthatvery
total dose in the 9-month exposure from Reference B- 1 was longlifetimesat 45 °C translatetomuchshorterlifetimesathigher
significantly higher than in the current program and that the temperatures.Forexample, 3260 yr at 45 °C correspondsto about 40

radiation aging was applied at a much lower acceleration yrat 85°Cforanactivationenergyof 1.08eV.
factor. 2

Weexpectthattheactualequivalentthermalagingwodldbeless
thanthatcalculatedsincesimultaneousexposureofCSPEtohigh

The 9-month simultaneous exposure (56 Mrad at 98 °C) can temperatureandradiationwasshowntobemoreseverethansequential
be equated to other conditions using time-temperature-dose exposureofradiationat ambienttemperaturefollowedby thermal
rate superposition [B-2]. Using an activation energy of agingI8,.31. InReferenceB-3,p. 60,curveEgivesretainedelongationofabout0.15forsimultaneousexposure,whilecurveBgivesretained
1.08 eV for CSPE (for comparison with Figure ! 1 in elongationofabout0.20forsequentialexposuretoradiationat
Reference B-2), a thermal exposure for 9 months at 98 °C is ambienttemperaturefollowedbythermalagingequivalentto the

thermalagingusedinthesimultaneousexposure.
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TableB-1 Comparisonof TestingConditionstoReferenceB- 1Conditions

i i1,1, i1, i i i iif,ll, i ,i ,,,,,,,, , i [ II

ReferenceB-16-Month ReferenceB- ! 9-Month

Parameter Exposure Exposure........ CurrentTestProgram

RadiationA_g 29 Mrad ...... 56 Mrad ......... 20 Mrad.....

RadiationAging Dose 6.4 krad/hr 8.4 krad/hr 300 krad/hr
Rate

ThermalAlting . 98°C for6 months .... 9.8°Cfor9 months 158°Cfor 336 hr

NominalAging 1000forThermal,5300AccelerationFactorfor 80 53
forRadiation

40-YearLife

AccidentDose 110 Mrad 110Mrad 110Mrad

AccidentRadiationDose
570 krad/hr 570 krad/hr 300 krad/hr

Rate
L , I ,, ,' ' , "' ,',',, "

TotalRadiationDose 139Mrad 166Mrad 130Mrad

SteamProfile All testsusedessentiallythe sameprofile
(_seeFi[_u'es4 and5 inthisreport:) ........

Aging + accident
Simultaneousthermalandradiationagingfollowed radiationfollowedby

Test Sequence by accidentradiationfollowedby steam thermalagingfollowed
...... :........... b_,steam

TestFailures 0 of 3 1of 4 10of 10"
. , , .,...

FailureAppearanceAfter
None Extensive longitudinalcrackingLOCA

* Although initial failureoccurredduringthermalagingon the damagedcables (circumferentialcracking),all cables
also sufferedextensive longitudinalcrackingduringthe accidentsteamexposure(including identicalcablesthat
were used as cable ties). Thus, it is evidentthat all the cableswouldhave failedthe steamexposureeven ifthey
had been undamaged.

absolute. Afterthe equivalentof 620 yrat 45°C (equivalent Because the sample thatfailedwas agedto the maximum
thermal-onlyexposure for9-monthsimultaneousexposure of extentanda significantnumberof samples were less severely
ReferenceB-1), the CSPE would be expectedtohave agedanddidnotfail, a connectionwith the degreeof aging is
virtuallyno residualelongation. This was in fact the case stronglysuggested.
[13-i ]. Afteran accidentradiationexposure of another
110Mradof radiation,the CSPEis certainlyin verypoor Basedonthe analysisof equivalentthermalaging times, the
mechanicalcondition. Thus, if thejacket is importantto factthatall of the cables had identicallongitudinalcracking
cable survivalduringthe accidentsteamexposure,it is not duringthe steamexposureis notvery surprising. Since there
too surprising that a cable wouldfail afterpreconditioningas is an almostcertainconnectionbetween the failuresand the
inthe 9-monthaging. Despite this, threeof four cables tested degreeof aging, we wouldexpect the Okonitecables tofail a
with the 9-month aging exposuresurvivedthe accident test wherethe thermal aging thatwas used in this test
radiationand steamexposures. However,all wereextremely programwas combinedwith no radiation aging and
brittle following the steam exposure. Theextensive followedby a 110Mradaccidentexposureand the steam
longitudinalsplittingobservedin the failedsample indicated profileusedin this test. Thus,although the applicationof the
that the failurewas not a simple randomstatisticalfailure, total radiationdoseprior to thermalaging is perhaps more
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OKONITE ,0,43

9 m o n t h a g tn 9 & L 0 C OK

Figure B- 1 Failure of Okonite Cable Sample from Reference B- 1 Test Program

severe than a different aging sequence, the evidence clearly monitored, there is no way to know how much thermal aging
indicatesthatthe sequencewas irrelevantin thistest. the cablesin the headactuallyreceived.
However, the sequence may become important if testing at
lower levels of thermal aging is conducted. References

Some direct evidence that the application of the accident B-I. M.J. Jacobus, Aging, Condition Monitoring, and
radiation exposure prior to thermal aging was not overly Loss-of-Coolant (LOCA) Tests of Class IE
important comes from the parts of the samples that were Electrical Cables, NUREG/CR-5772, SAND91-
located in the test chamber head. While we do not have 1766/2, Sandia National Laboratories, November
precise exposure data, these samples were exposed to lower i 992.
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
had longitudinal cracking just as the portions of the samples Results for Cable Materials in Nuclear Power
on the mandrels did. These portions of the samples were Plants, SAND90-2009, Sandia National
exposed to thermal aging (although the temperatures in the Laboratories, November !990.
head were not monitored) as well as full accident steam, but

reduced radiation. The splitting of these cables that were B-3. L.D. Bustard, et al., The Effect of Alternative Aging
exposed to reduced radiation levels also lends support to the and Accident Simulations on Polymer Properties,
conclusion that thermal aging was the major factor (as NUREG/CR-409 I, SAND84-229 I, Sandia

compared to the previous testing) responsible for the failures National Laboratories, May 1985.
observed in this test program. It should be noted that the
level of thermal aging received by the cables up close to the
penetrations, where the total radiation dose should have been
very small, was not sufficient to cause the cables to crack

during the steam exposure. However, because the
temperature in the vicinity of the penetrations was not
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