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ABSTRACT

Over the past 10 years, there have been three major test programs exploring realistic electrical
functionality of electrical cables under fire conditions. The three programs were:

- The Electric Power Research Institute (EPRI) and the Nuclear Energy Institute (NEI),
2002
o Comprehensive research and test efforts undertaken jointly by EPRI and NEI to
investigate, characterize, and quantify fire-induced circuit failures.

- NRC Cable Response to Live Fire (CAROLFIRE), 2008
o CAROLFIRE was started at the end of the EPRI/NEI test program. It provides an
experimental basis for resolving five of the six items identified as “Bin 2” circuit
configurations in Regulatory Issue Summary (RIS) 2004-003, “Risk-Informed
Approach for Post-Fire Safe-Shutdown Circuit Inspections.”
o Improved fire modeling tools for the prediction of cable damage under fire
conditions.

- NRC Direct Current Electrical Shorting in Response to Exposure Fire (DESIREE-FIRE),
2012
o Provides fire-induced cable failures modes and effects data for dc-powered
control circuits.

Corresponding EPRI and U.S. Nuclear Regulatory Commission (NRC) technical reports
document the test results; however, only the EPRI tests provided an evaluation of various
parameters affecting the likelihood of cable failure modes. However, these evaluations were
based on a limited set of test data (18 tests). Since then, NRC-sponsored testing has added
several hundred data points on the electrical failure characteristics of electrical cable exposure
to severe thermal conditions. Evaluating these and other parameters using all available test
data would improve understanding of the effects of various parameters on cable failure modes.

During an electrical expert Phenomena ldentification and Ranking Table (PIRT) meeting in
2011, it became apparent that having individual experts independently analyze the three data
sets to derive conclusions to support the PIRT was inefficient and impractical. Thus, the NRC,
with support from EPRI and Sandia National Laboratories (SNL), began a project to analyze and
catalogue the whole experimental data set to allow the PIRT panel members to make
responsible technical decisions. This report documents the background work that was done to
analyze the data sets and provides the results in tabular and graphical formats. The objective of
this report is to present the data in a factual and coherent format to allow the PIRT panel
members to make their best informed decisions. As such, the data set as a whole was
analyzed and the authors did not attempt to remove outliers, conduct any specific detailed
statistical analysis, or perform other probabilistic methods to arrive at the conclusions in this
report. The authors limited their interpretation of the results to report only factual test
information.
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EXECUTIVE SUMMARY

Background

This report documents an analysis of the test data from three major test series which evaluated
cable electrical performance under severe thermal (fire exposure) conditions. The objective of
this report is to support an electrical expert panel decision making in a Phenomena Identification
and Ranking Table (PIRT) exercise on fire-induced effects of electrical cable. The PIRT is an
effective tool for providing an expert assessment of safety-relevant fire-induced circuit damage
phenomena, and for assessing the U.S. Nuclear Regulatory Commission’s (NRC’s) research
and development needs. This report supports the PIRT by providing an analysis of test data in
an objective and factual manner to support the panel’s discussion of parameters affecting the
failure modes of electrical cables under fire-induced damaging conditions. The contents of this
report were discussed during the electrical expert PIRT panel meetings.

NRC regulatory requirements, guidance, and staff technical positions regarding post-fire safe-
shutdown are contained in various NRC documents. One objective of the fire protection
requirements and guidance is to provide reasonable assurance that fire-induced failure of
associated circuits that could prevent the operation, or cause maloperation, of equipment
necessary to achieve and maintain post-fire safe-shutdown will not occur. In the late 1990s the
NRC began to receive a series of licensee event reports (LERs) identifying plant-specific
problems related to potential fire-induced electrical circuit failures that could prevent operation
or cause maloperation of equipment necessary to achieve and maintain hot shutdown.

The NRC determined that the issue should be treated generically and contracted with
Brookhaven National Laboratory (BNL) to develop a post-fire safe-shutdown analysis letter
report (ML023430533) while at the same time the industry (under the direction of the Nuclear
Energy Institute (NEI)) performed a series of cable functionality fire tests to be used in

NEI 00-01, “Guidance for Post-Fire Safe-Shutdown Analysis” (ML023010376). These EPRI/NEI
(Electric Power Research Institute) tests are the first set of test data used in the analysis for this
report. An expert panel reviewed the results of the NEI testing and documented their insights
on fire-induced failures of electrical cables in EPRI Technical Report 1006961, “Spurious
Operation of Electrical Circuits Due to Cable Fires: Results of an Expert Elicitation,” dated May
2002.

In February 2003, the NRC facilitated a public workshop primarily driven by the new EPRI/NEI
report to exchange information for identifying circuit configurations fitting into the following three
bins:

Bin 1 — the most risk-significant associated circuit configurations
Bin 2 — other associated circuit configurations that require further research
Bin 3 — low-risk-significant associated circuit configurations

The outcome of the facilitated workshop was the issuance of Regulatory Issue Summary 2004-
03, “Risk-Informed Approach for Post-Fire Safe-Shutdown Associated Circuit Inspections.” Of
interest to the research community were “Bin 2” items that required additional data as a basis
for either including or excluding these configurations from the inspection procedures. The basis
for the Bin 2 items was subsequently provided by an NRC-sponsored testing program
conducted by Sandia National Laboratories, referred to as the “Cable Response to Live Fire
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(CAROLFIRE)” project. This project provides the second major testing data set to be used in
this report. The results of the CAROLFIRE project are documented in NUREG/CR-6931,
Volumes 1 - 3.

Concurrent with the CAROLFIRE testing, a nuclear utility conducted its own fire-induced circuit
failure testing on an armored cable that is used extensively in its plants. The results of this
testing, although proprietary, established that control circuits under direct current (dc) power
may fail differently than those tested previously in the CAROLFIRE and EPRI/NEI tests, which
were powered solely by alternating current (ac) configurations. As a result of these different
failure characteristics and the large number of risk-significant control circuits powered using dc,
the NRC sponsored a confirmatory testing project to evaluate the risks and the failure
characteristics of dc-powered control circuits. This testing has become known as “Direct
Current Electrical Shorting In Response to Exposure Fire (DESIREE-FIRE),” and is the third
major set of experimental data that will be used in this report.

Analysis Overview

The general purpose of the analysis is to evaluate the entire data set to identify parameters that
may influence fire-induced failure modes. The analysis conducted in this report attempts to
present the experimental data in a factual and clear format to allow for the identification of any
influencing factors. The majority of the data is used to evaluate influencing parameters for intra-
cable faults (i.e., fire-induced cable damage that results in the failure of conductors within a
cable). A small fraction of the data has applicable information regarding inter-cable (cable-to-
cable) interactions; however, the minimal data set limits the effectiveness of using a systematic
approach to evaluate the test results for inter-cable interactions. Important parameters of the
inter-cable data are simply presented instead, and the reader is left to decide how to use this
information.

This report documents the intra-cable results using a substantial number of tables and graphical
techniques. Graphical tools help to gain insights on the data set related to testing assumptions,
relationship identification, and outlier detection. Our use of graphical tools relies on column
plots to present the failure mode likelihood data (i.e, fuse clears, hot shorts, spurious
operations) and box plots to present the hot short duration data. Presenting the consolidated
test information in tabular and graphical forms aided in the determination of any trends in the
data. General conclusions are made, and any potential causes are identified.

Conclusions

The data consolidation and analysis documented in this report identify several important fire-
induced circuit phenomena. The systematic review of the ac and dc data has identified raceway
fill, thermal exposure conditions, fuse size, circuit type, cable construction, and raceway routing
as parameters that can influence the likelihood of experiencing a specific intra-cable failure
mode and/or influence the length of intra-cable fire-induced hot short duration. This analysis
has also identified areas in the data set where additional information would be beneficial to
better understand how variations in parameters affect the circuit response under severe fire
conditions.

Information pertaining to fire-induced inter-cable (cable to cable) failure data is sparse at best:
however, the available data on this type of failure is presented for both ac and dc circuits. The

Xiv



results show that although the likelihood of experiencing these failures is lower than it is for
intra-cable, there are several cases where inter-cable hot shorts were experienced. Most of this
data comes from the CAROLFIRE and EPRI/NEI test data sets.

The DESIREE-FIRE test data has revealed a newly observed failure mode in which multiple
shorts to ground (from ungrounded systems) cause spurious operation in a circuit. This failure
mode has been identified as “ground fault equivalent hot short,” and is the only inter-cable
failure mode observed in the DESIREE-FIRE testing program. The only cable-to-cable shorts
observed in the dc testing occurred through the ground plane. This unique failure mode may
require some industry attention for circuits routed in dedicated conduits. Depending on the
physical configurations in the plants, there may be some scenarios where safety significant
electrical cables routed in dedicated conduits may be damaged by a severe fire, and, depending
on the types of cables in the area, the ground fault equivalent hot short may be capable of
causing hot short-induced spurious operations for a specific circuit.
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1.  INTRODUCTION

1.1 Background

In 1997, U.S. Nuclear Regulatory Commission (NRC) staff began to notice that an increasing
number of licensee event reports (LERs) were identifying plant-specific problems related to
potential fire-induced electrical circuit failures. These problems were documented in Information
Notice (IN) 99-17, “Problems Associated with Post-Fire Safe-Shutdown Circuit Analysis.” The
NRC determined that this issue should be treated generically and began working with
stakeholders to understand the issue.

The NRC contracted with Brookhaven National Laboratories (BNL) to develop a post-fire safe-
shutdown analysis letter report (Agencywide Document Access and Management System
(ADAMS) Accession No. ML023430533). Meanwhile, the nuclear industry, working with the
Electric Power Research Institute (EPRI) under the direction of the Nuclear Energy Institute
(NEI), performed a series of cable functionality fire tests to better understand the failure modes
of cables and circuits under severe fire conditions. Following the completion of the NEI testing,
the NRC hosted a facilitated public workshop' in Rockville, MD to discuss and gather
stakeholder input on a proposed risk-informed post-fire safe-shutdown circuit analysis
inspection. The workshop grouped circuit issues into three bins. Bin 1 contained the most risk-
significant associated circuit configurations, Bin 2 included configurations that required
additional research before a risk-significance determination could be made, and Bin 3 contained
low-risk-significant associated circuits of concern. Bin 2 items included:

Inter-cable shorting for thermoset cables

Inter-cable shorting between thermoplastic and thermoset cables

Configurations requiring three or more cable failures

Multiple spurious operations in control circuits with properly sized control power

transformers (CPTs)

E. Fire-induced hot shorts that must last more than 20 minutes to impair a plant’s ability to
achieve hot shutdown

F. Cold shutdown circuits

cowy

To provide the needed information to disposition the Bin 2 items into either of the other two bins,
following the EPRI/NEI testing, the NRC sponsored a testing project at Sandia National
Laboratories (SNL). The SNL project was entitled “Cable Response to Live Fire
(CAROLFIRE),” and it provided enough data on five of the six Bin 2 circuit configurations that a
determination of risk-significance could be made. Test data was not required to resolve RIS
2004-03, Bin 2, Item F. CAROLFIRE also provided data that resulted in the development of a
better predictive model for cable thermal response in deterministic fire models.

Around the same time that the CAROLFIRE testing was being conducted, Duke Energy
Corporation, a U.S. nuclear utility, performed its own fire-induced circuit failure testing on a
unique armor-type cable used extensively in its plants. Although the test results from this
program are proprietary, the NRC was able to witness these tests and gain the unique insights
of the testing.

! The facilitated public workshop was an open forum meeting between the NRC staff and its stakeholders
where the discussion was facilitated by an independent third party.
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The results of the Duke testing indicated that risk-significant circuits operating on direct current
(dc) may experience unique failure modes when compared to alternating current (ac) circuits.
The NRC and the industry also experienced difficulties in developing methods and conditional
probabilities for dc circuits based solely on the results of ac testing. To evaluate these
concerns, the NRC sponsored a confirmatory testing project with SNL to evaluate the risks
associated with ungrounded dc control circuits exposed to severe fire conditions. This project
was code-named “Direct Current Electrical Shorting In Response to Exposure Fire (DESIREE-
FIRE).” The dc testing identified three unique failure characteristics of dc control circuits. First,
the physical cable failures were more energetic than they were in the ac tests, with sparks and
electrical arching readily visible to the test engineer. Second, open circuits were noted to occur
as the first failure mode. Third, fuse sizing played a role in the duration of the hot short failures.
In some cases the hot short durations lasted for longer than 20 minutes.

It is important to note that one additional testing program was completed to specifically evaluate
the thermal failure temperature threshold of a unique cable insulation material manufactured by
Kerite. This unique insulation material, “Kerite-FR” has shown poor insulation resistance
characteristics at elevated temperature in past testing. As such, the NRC guidance indicated
using a generic thermoplastic failure threshold when analyzing the Kerite-FR performance,
instead of the higher temperature failure threshold for thermoset materials. Chemically Kerite-
FR is a thermoset material. However it also exhibits thermoplastic properties such as self
healing. Via its collaborative research agreement under the Memorandum of Understanding
with EPRI, the NRC was able to obtain sample of 1970’s vintage Kerite-FR cables. Because of
its unique construction having insulation thicknesses much greater than typically electrical
cables found in U.S nuclear power plants, the results from this fourth testing project have not
been included in this report or analysis. A limited amount of data on Kerite-FR cables obtained
from the DESIREE-FIRE project were the limit of the Kerite-FR data evaluated here. The
results and conclusions from the Kerite-FR test program can be found in a separate report,
NUREG/CR-7102, “Kerite Analysis in Thermal Environment of FIRE (KATE-Fire): Test Results.”

Following the completion of this testing, the NRC (in collaboration with EPRI) convened a panel
of electrical experts with a background in nuclear and fire protection engineering to evaluate the
various parameters that affect fire-induced cable failures. This electrical expert Phenomena
Identification and Ranking Table (PIRT) panel experienced difficulties in making informed
decisions due to the massive amount of test data on which to base its decisions. As a result,
the NRC began an effort among its staff and the staff at SNL to systematically evaluate and
present the experimental data in a clearer format to assist the PIRT panel in making informed
decisions. This report documents that effort.



1.2 Obijective

There have been numerous testing projects aimed at evaluating the fault modes of electrical
cables and circuits exposed to severe fire conditions. Only one of these projects thoroughly
evaluated specific aspects of a small number of the test results. The objective of this report is to
provide a simplistic presentation of all of the available test data, using various circuit parameters
to identify any correlations among fault modes and any correlations among hot short duration.
The core set of parameters selected by the PIRT panel for comparison of the intra-cable results
includes:

Conductor Count

Thermal Exposure Conditions
Cable Orientation (ac only)
Raceway Routing

Raceway Fill

Insulation Type

Insulation Material
Insulation-Jacket Type

CPT Size (ac only)

Circuit Grounding (ac only)
Wiring Configuration
Conductor Size

Circuit Type (dc only)
Fuse Size (dc only)

Cable Shielding (dc only)

In addition to these parameters, the report documents a review of the data for inter-cable
failures, effects of suppression on circuit response, multiple circuit concurrent hot shorting
events, and a phenomenon observed in the dc testing, identified as the “ground fault equivalent
hot short.”

Conducting the evaluation in this systematic manner allows for a better understanding of the
data and identification of the areas in which additional data may be needed, and also supports
the electrical expert PIRT work. The focus of this report is to document the data analysis that
was conducted to support the PIRT panel; however, insights from this report may be used in
other regulatory aspects, although it does not serve as NRC endorsement. Limited statistical
methods but no probabilistic risk assessment methods were employed in the evaluation, just
factual inference of the data.

1.3 The Approach

The data used in developing this report was obtained from the EPRI/NEI cable testing report [4],
along with the NRC-sponsored CAROLFIRE (NUREG/CR-6931)[1-3] and DESIREE-FIRE
(NUREG/CR-7100) testing project [5]. It is assumed that the reader is familiar with those
reports, and only brief descriptions of the testing will be provided in this report. A reader
unfamiliar with this testing is urged to review the test reports to better understand the testing
methods and results.

A database was generated from the information provided in the reports and associated
electronic data files. The database included all pertinent information regarding the circuit
configuration and failure modes/characteristics. The cable failure data were obtained from the
actual data files and cross-referenced with the results documented in the associated reports.
This provided an increased level of quality assurance to ensure that the electronic files and data
report information were consistent, thereby minimizing the likelihood of information transfer
errors. Once the database was populated with information found to be important for this project,
it was sorted by parameters of interest so that specific information could be collected, reviewed,
and reported.



Staff members from the NRC’s Office of Nuclear Regulatory Research (RES) were responsible
for analyzing the ac test data from EPRI/NEI and CAROLFIRE testing, while staff from SNL
processed and reviewed the dc test data. The intent was to have two groups complete the work
in parallel to reduce time and increase efficiency. Throughout the process, NRC-RES and SNL
staff coordinated with each other to ensure a high level of consistency between the two efforts.

The analysis focuses on presenting the test data in a manner that will assist the electrical expert
PIRT panel members in making informed decisions regarding the ranking of various circuit
parameters and key phenomena. This information was determined by identifying the number of
specific failure modes (fuse clear, hot shorts, and spurious operations), given a particular circuit
or cable parameter. For this analysis, the following definitions, which were developed by the
PIRT panel, were used to classify fire-induced circuit failures:

Hot Short: Energized conductors coming into contact with a separate conductor, other than
neutral/ground, with the potential to provide voltage/current to a device, such as
a relay/coil/resistor/indicating light. This includes an energized conductor coming
into contact with a spare conductor. For the purposes of the PIRT, only a hot
short that is of sufficient quality to actuate the end device is of interest.

Hot Short-Induced Spurious Operation:
Inadvertent energization of a device due to a hot short. In the context of fire test
data interpretation, the device of interest only includes the end device subjected
to the test (solenoids, motor starter contactors, breaker coils, etc.) but does not
include energization of spare conductors or energization of indicating lights
(burden resistors simulating light bulbs). By definition, these form a subset of Hot
Shorts.

Duration: The time (reported in seconds) that a particular hot short or spurious operation
persisted. In cases where sequential hot shorts or spurious operations occurred
one after another, the durations of all occurrences were summed to obtain a total
duration, which was then reported (i.e., the reported total duration was not
necessarily continuous).

1.3.1 Failure mode data presentation of data

There are three primary circuit failure modes of interest to the electrical expert PIRT panel: fuse
clear failures, hot shorts, and hot short-induced spurious operation. These failure modes are
provided in this report, using what is referred to as the “global approach,” which evaluates
failure modes in a binary fashion. This binary approach defines the first failure mode as being
either a fuse clear or a hot short. For a given cable/circuit combination, either a fuse clears or a
hot short occurs. To facilitate a better understanding of the fraction of hot shorts that are
spurious operations, the spurious operation data are also reported separately, but it must be
understood that the hot short data includes spurious operations by definition. Therefore,
for the global approach in reporting failure mode data, the number of hot shorts is always by
definition larger than or equal to the number of spurious operations.

In general, fire-induced circuit testing has shown that a damaged cable will eventually short to a
common ground and cause the protective fuses to clear. In this report, in must be clear that the

2 «“Spurious Operation” and “Spurious Actuation” are used synonymously throughout this report.
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fuse clear category only counts fuse clear failures from the first failure mode. For example, if a
circuit experienced a spurious operation at 100 seconds and then experienced a fuse clear at
130 seconds, this report would count the hot short and spurious operation, but not the fuse
clear. Specifics on how the failure modes are counted and reported are presented in Section
2.1 for ac circuits and in Section 4.1 for dc circuits.

Another aspect of this analytical approach, relative to the spurious operation count, is best
shown with another example. Start with a circuit that experiences a hot short on a conductor
that is not associated with a device that can cause a spurious operation (e.g., indicating lamp —
a passive target). Sometime in the future, another hot short occurs, this time on a conductor
that can cause a spurious operation. In this case, the hot short and the spurious operation
would be included