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Abstract

An insulation resistance diagnostic system was recently developed and exercised during a series of cable fire tests
sponsored by the commercial U.S. nuclear industry. This insulation resistance measurement system was able to iden-
tify and quantify the changes in insulation resistance occurring between the separate conductors and the conductors
to ground in cable bundles as they were being exposed to fires. Eighteen separate fire tests were conducted during
the period January through May 2001 and included a variety of cable and fire exposure conditions. The insulation
resistance measurement system was operated at a 120 VAC input to the conductors for 14 of those test runs and at
100 VDC input for three of the runs. One test was run with the insulation resistance measurement system providing
24 VDC to two separate instrument cables being exposed to the fire. The results obtained by the insulation resis-
tance measurement system during these tests showed that cables will fail during a fire in one of three ways: by inter-
nal shorting of the conductors in a multiconductor cable, by shorting of the conductors in different cables bundled
together, or by individual conductors shorting to ground. No incidents of fire-induced open circuits were found to
have occurred during any of these tests. A mockup of a simple 4 to 20 mA DC current loop instrument circuit was
included in six of the later tests. The intent was to investigate the potential of misleading or loss of instrument indi-
cation from fire damage to the signal cable. This report provides an analysis of the insulation resistance data and
current loop results for the 18 tests run in the industry test program.
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Introduction

1. INTRODUCTION
1.1 Background

Sandia National Laboratories (SNL) has been working under contract to the United States (U.S.) Nuclear Regulatory
Commission (NRC) Office of Nuclear Regulatory Research (RES) to help develop improved fire risk analysis meth-
ods, data, and tools. One particular task activity is providing improved circuit analysis tools, techniques, and data.
The results of an initial investigation into cable failure modes and circuit fault effects have been documented in a
SNL Letter Report (Ref. 1) (hereafter referred to as the SNL Letter Report).

As a part of this preliminary study, SNL reviewed the then-existing cable fire tests in an attempt to identify data that
would support an assessment of the relative likelihood that a particular cable failure mode might be observed given
the fire-induced failure of a cable. The failure modes of interest included open circuits, shorts to ground, and con-
ductor-to-conductor hot shorts involving either intracable (conductors within a single multiconductor cable) or inter-
cable (conductors of different cables) interactions. While some substantive data of relevance was identified, a de-
finitive answer to the question of relative likelihood, however, was not obtained.

The commercial nuclear power industry (as represented by the Nuclear Energy Institute (NEI) and the Electric Power
Research Institute (EPRI), and hereafter referred to as “industry”) is also developing methods to address the regula-
tory issues related to circuit analysis and, in particular, the question of fire-induced spurious equipment actuation.
As a part of their efforts, industry proposed to conduct a series of cable fire tests designed to address specific aspects
of the cable failure—circuit fault issues of concern to the NRC. In particular, the industry proposed a series of tests to
assess the potential for spurious actuation in a surrogate motor-operated valve (MOV) circuit.

Industry developed a test plan' based in part on proposals and recommendations contained in the SNL Letter Report.
In particular, SNL had recommended a “base case - modifier” approach for quantifying the likelihood of spurious
actuation or other circuit faults given cable failure. The industry test plan focused on two base cases (cable in a tray
and cable in conduit) and a subset of the factors identified by SNL that would likely have a substantial impact on the
cable failure modes and resulting circuit fault behavior. The NRC (and SNL) was invited to observe and participate
in the industry tests.

NRC/RES participation in the test program was pursued and, as a result, SNL fielded supplemental cable perform-
ance monitoring equipment during the industry tests. The SNL equipment was designed to monitor cable degrada-
tion through the measurement of insulation resistance (IR). The SNL approach was designed to both augment and
complement the information gathered by industry through their surrogate MOV circuit implementation.

The NRC/SNL-fielded equipment monitors the condition of each conductor’s insulation integrity (as indicated by
IR) in real-time (see Section 3 for a complete description of the system). The system is capable of determining the
conductor-to-conductor IR for individual conductor pairs in all possible pair combinations, as well as the total con-
ductor-to-ground IR for each conductor independently.

The system works by energizing each conductor sequentially. While a particular conductor is energized, the system
sequentially measures and records the amount of leakage current being shunted through each of the other (non-
energized) conductors. The combined data are used to determine the level of IR between any two conductors, as
well as the amount of electrical isolation existing between each conductor and electrical ground. The system is
equally effective in assessing conductor-to-conductor breakdown versus conductor-to-ground breakdown both within
one multiconductor cable (an intracable breakdown) and between two separate cables (an intercable breakdown).

In addition to the IR tests, a separate surrogate instrument circuit was fielded by NRC/SNL in six of the burn tests.
This circuit simulated a 4 to 20 mA instrument circuit current loop. To simulate an instrument signal, a constant
current source set to 15 mA was used. The instrument wire transmitting the signal was exposed to the fire environ-

! A series of NEI generated test plans was distributed to participants in the test program for review and comment.



Introduction

ments, and the output signal was monitored for degradation of the transmitted signal. The tested instrument cables
were generally two-conductor shielded pairs and included both thermoplastic and thermoset types.

The industry cable tests took place at Omega Point Laboratories, located in Elmendorf, Texas, during the weeks of
January 8 through 12, January 22 through 25, and April 2 through 6; the final two tests were conducted on May 31
and June 1, 2001. This report discusses the cable fire test conditions and the results obtained using the SNL IR
measurement system during the tests. The results obtained from the instrument loop circuit are also discussed.

1.2 Report Structure

Section 2 of this report discusses IR measurement techniques that were employed in past cable tests. This discussion
is intended to provide a background against which the system fielded during these tests can be compared. A descrip-
tion of the SNL IR measurement system is provided in Section 3. The conditions of each test conducted during the
industry cable fire tests are summarized in Section 4. A more complete description of the test conditions, including
measured temperatures, will be available from an anticipated industry test report; hence, this report covers the test
conditions in limited detail. Section 5 presents the results from the IR measurements made by NRC/SNL. Section 6
describes the instrumentation current loop circuit in detail, and presents the results obtained from this circuit during
the tests in which it was employed. Section 7 discusses the conclusions drawn from the test results and offers some
assessments regarding the importance of the influence factors, identified in the SNL Letter Report, on the likelihood
of a particular cable failure mode occurring. References are provided in Section 8.
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2.  INSULATION RESISTANCE MEASUREMENT TECHNIQUES

2.1 Overview

This section provides background information regarding the measurement of cable performance during exposure to
adverse environmental conditions. In particular, the section focuses on past practices regarding the measurement of
cable IR during harsh environment exposure testing. Much of the material presented here is based on the informa-
tion provided in Reference 2.

The typical methods of assessing cable performance in a test environment involve measuring the cable conductor’s
IR. Such techniques have been widely employed in equipment qualification testing and, to a lesser extent, in fire
testing. The approach typically involves energizing a conductor and monitoring that conductor for current leakage.
This provides a direct measurement of cable electrical performance during the test. An intact or undegraded cable
will have virtually no leakage current. As the cable degrades, the leakage current increases, reflecting a loss in the
IR value of the insulation material designed to electrically isolate each conductor.

This approach has the advantage of being a direct measurement of performance, rather than an inferred assessment of
performance based on secondary measurements (e.g., estimating IR changes by extrapolating published data to the
measured cable temperature response). Furthermore, the methods of measurement can be relatively simple in nature,
are not particularly difficult to implement in practice, and the results are easily interpreted.

The only disadvantages of the direct measurement approach are that these measurements require the subject cables to
be energized during the test, and the energizing voltage must be nontrivial (generally at least 50 V and preferably
somewhat higher). Typical concerns center on the potential personnel safety implications of having energized cables
in a fire test, on the potential to introduce “noise™ into other data streams (such as thermocouples), and on the poten-
tial impact that short circuits involving the energized cables might have on other data gathering systems. In general,
these issues can be addressed. Indeed, over the past 25 years, many equipment qualification tests and fire tests have
been performed that included energized cables and that monitored for cable electrical failures without compromising
either personnel safety or other data streams.

2.2 Insulation Resistance Measurement Techniques

As noted above, the techniques associated with direct measurement of cable functionality typically focus on the cable
conductor’s IR. This value reflects the electrical resistance of the insulation layer surrounding each conductor and is
a direct reflection of the cable’s electrical condition and integrity. As the IR degrades, a cable begins to “leak” cur-
rent. As the leakage current increases, the cable is ultimately unable to perform its design function—ensuring the
electrical integrity of the associated circuit. The actual point at which the design function is no longer considered to
be fulfilled will depend on the specific circuit of interest. For example, the criteria for functional failure of a 4 kV
power circuit may be quite different from the criteria associated with failure of a 4 to 20 mA instrument circuit. One
significant advantage of the IR approach is that the results are not circuit-specific. Rather, they are directly represen-
tative of the cable performance and can therefore be applied to various circuit types and designs using appropriate
failure criteria.

This section provides a general discussion of the measurement methods that were employed in past harsh environ-
ment cable electrical performance tests. The reader should recognize, however, that there are no standardized or
generally accepted methods of practice in this area. Hence, the discussions presented in this section can be viewed
as both historical and speculative in nature. They are intended to provide the reader with some background knowl-
edge of the techniques that have been or may be employed in cable tests based on past testing techniques used in
both fire testing and other fields (such as equtpment qualification testing). The test objectives from such programs
are similar and highlight the associated technical issues that impacted the NRC/RES objectives in the industry fire
tests described in this report: to monitor the electrical integrity of the exposed cables, to discern the failure modes
observed when the cable insulation failed, and to assess the potential for spurious actuation in a surrogate MOV cir-
cuit.
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One commonly used means of assessing cable performance in past fire testing efforts is monitoring for gross failure
(short-circuiting) of the exposed cable. Detection of gross failure can be accomplished using very simple instrumen-
tation circuitry, and yields correspondingly little or no information on cable degradation behavior, short of gross
failure. The cable energizing circuits are typically quite similar to those implemented for an IR measurement; the
primary difference lies in the monitoring circuits. An IR measurement requires quantification of the leakage currents
versus time. Gross failure monitoring can be based on detecting when leakage currents exceed a preset value. For
example, detection of failure is often based on tripping a protective fuse in the cable energizing circuit or illumina-
tion of a light in the circuit. Under this approach, what constitutes gross failure is defined based on the energizing
circuit and the failure indication means employed. That is, the fuse trip value or the minimum current flow required
to illuminate the light inherently defines the failure thresholds reported.

The discussions that follow illustrate both the gross failure and IR techniques, but generally focus on the more in-
formative IR approach. Points relevant to gross failure detection are cited as appropriate and typically involve sim-
plifications of an illustrated IR measurement approach.

The IR value is obtained by applying Ohm’s law — the relationship between voltage, current, and resistance (i.e.,
V=1IR). To illustrate this approach in its simplest form, consider a single conductor cable, such as that shown in
Figure 2-1. The conductor of the subject cable is energized to a pre-determined voltage level (Vg , either DC or
AC) and cable integrity is assessed by monitoring the leakage current as a function of time. Often a ballast resistor
(Rpaasr) is placed in the energizing circuit to serve two purposes. First, the resistor can be sized to limit the short-
circuit fault currents, which protects the energizing and monitoring circuits and limits the potential electrical hazards.
Second, the ballast resistor acts as a current-to-voltage transducer, allowing current to be monitored based on the
voltage drop across the resistor. The latter is desirable because voltage is more easily monitored than current. In
general, the ballast resistor should have a small resistance in comparison to the anticipated failure resistance, and use
of resistors on the order of 10 to 100 £ is common.
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Figure 2-1. A simple cable functionality monitoring circuit using a single voltage potential applied to a
single conductor cable. The circuit is capable of estimating the cable IR based on the measured
voltage drop across the ballast resistor.
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Ohm’s law for the ballast resistor yields the leakage current (/1.akag.) based on the measured voltage drop (AVpayusr)
and resistance (Rgaas) as follows:

A VBaIlml

R&ﬂlm!

1 Leakage —

Using Ohm’s law a second time, based on the cable’s voltage potential (Fsource-AVBattasr) and the determined leakage
current, the IR (/Rgqguses) between a conductor and ground (Vgegerence) c2an be calculated:
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where the Veegrence for the case illustrated in Figure 2-1 would be zero. That is, in this simple case, the reference
voltage is the local ground.

As shown by this example, with sufficient forethought, a single voltage potential versus ground is sufficient to moni-
tor the performance of a cable during testing. As illustrated, this approach has the distinct advantage of introducing
only one current path; namely, the path between the high potential side of the power source and the low potential
side (typically ground if a grounded source is used). This makes it a trivial matter to estimate the IR of the energized
conductor.

It should be noted that the same approach could also be modified to work as a threshold detection or gross failure
detection scheme as well. For example, a fuse can replace the ballast resistor and voltage monitor. Cable insulation
breakdown would still lead to leakage currents through the circuit, and the fuse would open when the current reached
the rating of the fuse. Failure is thereby defined based on the fuse’s amperage rating. Using Ohm’s law, the equiva-
lent IR failure threshold can easily be determined using the previous equation and setting (AVgss = 0). This ap-
proach is simpler to implement because it eliminates the need to actually monitor the leakage current over time — one
need only monitor the integrity of the fuse and record the time of failure. However, the information gained is much
more limited, as no time history of the cable performance is obtained and the fai\lure criteria cannot be generalized.

In many cases, it may be desirable to test multiple cables or a multiconductor cable, rather than one single-conductor
cable. This objective complicates the process of detecting cable failures, because conductor-to-conductor failures, in
addition to conductor-to-ground failures, are of interest. A single voltage potential can also monitor multiple cables
or conductors, but care must be exercised to ensure that all potential cable failure modes are detected (see below).
For example, if one conductor were arbitrarily chosen to be continuously energized while the others are permanently
grounded, faults between the grounded conductors or between a grounded conductor and the raceway would not be
detected. If all of the conductors are continuously energized using the same voltage potential, conductor-to-
conductor failures cannot be detected.

One approach to resolving this problem is to use a switching system that can sequentially energize individual con-
ductors while grounding all others. This technique is illustrated in Figure 2-2 and allows one to monitor the per-
formance of each individual conductor over time. However, while the system will detect a failure due to either a
conductor-to-conductor or conductor-to-ground short, the results are nonspecific. That is, if a failure occurs, one
will only know that a given conductor has shorted. One will not know whether the short was directly to ground or to
one of the other conductors, because all of the nonenergized conductors are grounded at the time of the measure-
ment.
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Figure2-2.  Electrical schematic of a single voltage potential monitoring system applied to a multiconduc-
tor cable. Note the switching controller is designed to select one conductor at a time to be en-
ergized while all others are grounded. A full measurement cycle sequentially energizes each
conductor and measures leakage current. This approach can theoretically handle any number
of individual conductors,

In practice, the switching task can be accomplished with relative ease using computerized data acquisition and con-
trol units. The switching system is then periodically cycled through the full set of conductors to obtain the leakage
current as a function of time for each conductor, all under the control of a computer. As with a single conductor ca-
ble, the analysis of IR for each conductor is trivial. Because the switching system may energize a conductor that has
shorted, the power supply system is commonly designed with a ballast resistor to limit the fault currents. This design
allows the system to continue monitoring other conductors that have not failed, even after initial failures are ob-
served, without compromising the power supply system. This approach is common in equipment qualification test-
ing.

The system can also incorporate a complimentary threshold detection scheme to enhance circuit safety. For exam-
ple, a fuse can be placed on the energizing side of each conductor’s powering circuit. If this fuse fails, the conductor
has failed and will not be energized during the next switching cycle. If each conductor is provided with an individual
fuse and the ballast resistor and voltage-monitoring circuit is eliminated, the system is again reduced to a threshold
failure approach.

A slight variation on this general approach is to energize a subset of conductors while grounding the rest. That is, in
a seven-conductor cable, one might choose to energize three conductors while grounding the other four. In this case,
the leakage current path would be from any of the conductors in the energized set directly to ground or to any one of
the grounded conductors. Typically, the selection of the energized conductors would be based on the physical con-
figuration of conductors within the cable. The energized conductors would be selected so that, to the extent possible,
each physically adjacent conductor pair would involve one energized and one grounded conductor. This approach
was used in a number of past cable fire testing programs and is illustrated in Figure 2-3 for a seven-conductor cable.

This approach has one distinct disadvantage; namely, the IR obtained reflects a composite condition for all of the
energized conductors as a group, rather than individual conductor IR values. This is because the conductors are, in
effect, wired in a common parallel resistance circuit. One mitigating fact is that the lowest individual conductor IR
will dominate the composite IR. Hence, a failing conductor cannot be “masked” by the others in the circuit. How-
ever, in analyzing the data, it is not possible to “back out” the individual conductor IR values because many different
resistor combinations could yield the same composite resistance.
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Figure 2-3. A single voltage source system applied to a multiconductor cable without a switching system.
Note that the individual conductors are ganged into two groups, one energized and the second
grounded. IR is determined for the energized conductors only, and then only as a group.

When testing multiconductor cables, using two or more independent voltage potentials can simplify the instrumenta-
tion setup (as compared to a switching system, described above), but can also lead to more difficulty in interpretation
of the data and estimating the actual individual cable IR values. The multiple voltage source potentials can eliminate
the need for switching systems and yet still allow for the monitoring of both conductor-to-conductor and cable-to-
ground breakdown. However, this approach also increases the number of potential leakage paths. For example, with
a two-conductor cable energized using two distinct voltage potentials, there are three leakage paths (conductor-to-
conductor and each conductor-to-ground). The number of leakage paths quickly increases as the number of conduc-
tors, and hence required voltage potentials, increases.

Such a circuit is illustrated in Figure 2-4. Given the increased number of leakage paths, the circuit and data analyses
are more complex. In particular, one necessary element to determine individual conductor IR values is the measure-
ment of fault currents on the ground path, requiring that the cable raceway be isolated from the general ground plane.
This isolation can lead to additional personnel hazards that must be addressed. Multiple voltage potential methods
are quite effective at detecting the general development of IR breakdown, as well as the onset of gross failures and
cable failure mode. However, even with just two voltage potentials, the data analysis requires that a set of three
equations (all Ohm’s law relationships) with three unknowns (two conductor-to-ground and one conductor-to-
conductor IR values) be solved. As the number of energizing potentials increases, the number of potential circuit
paths, and hence the number of unknowns, increases geometrically.

In more practical terms, the energizing power source is commonly taken from available line power sources. One
common approach is to utilize a /neutral-110/220 VAC line source, commonly available in household and commer-
cial settings throughout the U.S. In single potential mode, one can simply impose a 110 VAC potential on the ener-
gized conductor(s) and connect the rest of the conductor and raceway to the neutral/ground. This simple and readily
available configuration is, for example, sufficient to meet the needs of a fire-barrier fire endurance test, where the
focus is placed on the barrier performance rather than the cable failure modes. Such a source can also be used in the
multiple-potential mode to independently energize two groups of conductors (allowing for detection of conductor-to-
conductor IR breakdown) and the neutral/ground plane (allowing for detection of cable-to-ground IR breakdown).
Other potential energizing sources include banks of batteries or independent power supplies.



Insulation Resistance Measurement Techniques

ro- ___Fire Exposure Boundary
}

|

\ |
| |
: |

Cable i
AN (2/0) '
0 { Tray (or !

Vs1 D

Condu:t‘) I

I
I
| +

- Vs2

,____.___-
H

R,
_"'___ AVy
Ry
MW~
R

Figure2-4.  An example of a cable monitoring circuit using two energizing voltage potentials. Note the
isolation of the raceway from ground by a ballast resistor and menitoring of the leakage cur-
rent to ground.

Safety concerns during cable failure experiments are commonly addressed through a combination of circuit features
and test protocols. Circuit features typically include fuses, switches, interlocks, and ballast resistors in the cable en-
ergizing circuits, and provisions for an appropriate ground plane. Switches in the energizing circuit allow for manual
activation and isolation of the energizing power source, typically to each energized cable individually. Ballast resis-
tors usually provide an easy means for making the fault current measurement, as noted above, and also limit the fault
currents under “bolted” or “dead” short conditions. Fuses can also be used to cut out the energizing voltage upon a
cable failure. More elaborate schemes may also use interlocks to isolate energizing voltages to all cable conductors
upon an initial failure in any single conductor, to the conductors upon opening of the test chamber, or to isolate ener-
gizing voltages for all cables simultaneously by manual actions. None of these features, if properly implemented,
compromises the ability to achieve the measurement goals in any way.

The four circuits described above were those most commonly applied during past testing of cable performance in fire
and equipment qualification environments. Many possible variations on these circuits might also be employed.
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3. THE SANDIA NATIONAL LABORATORIES
INSULATION RESISTANCE MEASUREMENT SYSTEM

3.1 Concept

The concept of the SNL IR measurement system is based on the assumption that if one were to impress a unique sig-
nature voltage on each conductor in a cable (or cable bundle), then by systematically allowing for and monitoring
known current leakage paths, it should be possible to determine if leakage from one conductor to another, or to
ground, is in fact occurring. That is, part or the entire voltage signature may be detected on any of the other conduc-
tors in the cable (or in an adjacent cable), or may leak to ground directly.

To illustrate, consider a three-conductor (3/C) cable, as illustrated in Figure 3-1. I1f 100 V are applied to Conductor
1, the degree of isolation of Conductors 2 and 3 from Conductor 1 can be determined by systematically opening a
potential conductor-to-conductor current leakage path and then reading the voltages of each conductor in turn while
Conductor 1 is energized (see Figure 3-1). Determining the IR between Conductors 1 and 2 at the time of voltage
measurement on Conductor 2 is a simple calculation employing Ohm’s law:
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Figure 3-1. Simple IR measuring circuit.

In the same way, the IR existing between Conductors 1 and 3 can be determined at the time 3 is measured. A time-
dependent history of R,., and R,.; can be obtained by continuously switching between the two conductors and re-
cording the voltage drop across R at each switch position. (Of course, an alternate method would be to connect a
resistor/voltmeter assembly to both Conductors 2 and 3 simultaneously and keep a continuous record of the two volt-
ages. However, this approach quickly becomes unwieldy as the number of conductors increases.)

The above method alone does not describe the isolation existing between Conductors 2 and 3 (because Conductor 1
is always the energized conductor). However, by sequentially energizing each conductor and reading the impressed
voltages on the remaining conductors, one can determine the relative resistance existing between any conductor pair
(see Figure 3-2).
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Figure 3-2, Circuit for measuring IR between any conductor pair in a cable.

This concept evolved to include the two sets of controlled switches--one set on the input side (i) and one on the out-
put side (j) of the circuit. One switch on the voltage input side is closed (thereby energizing one conductor), fol-
lowed by the sequential closing-measurement-opening of each measurement-side switch. Each sequential switching
configuration measures leakage currents between one energized “source” conductor and one nonenergized “target”
conductor, and the various pairs are systematically evaluated in sequence,

The IRs between pairs of conductors can be determined in the same manner. Note that when the input- and meas-
urement-side switches are connected to the same conductor (i = j), the full input voltage will be measured across R.
Since this provides no useful information about the isolation existing between any of the conductor pairs, these
measurements can be ignored for the purpose of determining IR. (The presence of the full voltage, ¥, = V,, does,
however, indicate conductor continuity and otherwise could be useful in identifying an open circuit condition.)

This approach is fine as long as the cable can be kept electrically isolated from ground. If that is not possible (or not
desirable, e.g., because short to ground failures are of interest), changes to the design (simple ones) and resistance
calculations (significant) are required.

Figure 3-3 shows how the number of possible leakage paths for each of the three conductors in the previous example
changes when a ground path is considered. By adding a path to ground for each conductor, the complexity of deter-
mining the IR between pairs of conductors grows from one resistance determination to determining three resistances
for each pair of conductors. A circuit change is required to enhance the number of independent measurements so as
to retain a solvable problem. The revised circuit is shown in Figure 3-4, and includes a ballast/load resistor on the
input side, in addition to the output side ballast/load resistor.

The calculation of the three resistances for each conductor pair (one conductor-to-conductor path and each of the two
conductor-to-ground paths) requires the measured voltages (¥; and V) for two complementary switching configura-
tions. For example, the complement for the case illustrated in Figure 3-4 is shown in Figure 3-5. As illustrated in
Figure 3-4, Conductor 2 is connected to the input side and conductor 3 is connected to the measurement side. The
complementary case shows Conductor 3 on the input side and Conductor 2 on the measurement side, as shown in
Figure 3-5. This complementary pair provides four separate voltage readings that can be used to determine the three
resistance paths affecting these two conductors; namely, R,_3, Ra_g, and Rs_g.

10
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The equations for determining the three resistances for this case are as follows:

[( V-V, ) - Vjs]
Rz-z i
( vV 73 ) + QJ
R, ¢ R,
This concept is scalable for virtually any number of conductors in a cable or bundle of cables. Another advantage is
that only the two voltage measurements for each switching configuration need to be recorded in real time; determin-

ing the resistances can be deferred until after the test is completed. This is the basic concept utilized in the design
and application of the IR measurement system to generate the results described in this report.

3.2 Design

The SNL IR measurement system as fielded during the industry tests can monitor the IR of up to 10 separate conduc-
tors in the AC-energizing mode and eight in the DC-energizing mode. The choice of a maximum of ten conductors
was based on the proposed cable configurations to be tested; namely, each test sample would be comprised of one
seven-conductor multiconductor cable bundled with three single conductor cables. The capability to test with either
an AC or DC power source was added at the request of the NRC. In the DC mode, the total conductor count was
limited to eight simply because of limitations on the readily available hardware (DC power relays).

Figure 3-6 provides a block diagram identifying the principal_functional areas of the IR measurement system. A
schematic diagram of the complete system is provided in Figure 3-7. Each of the functional areas is described in
some detail in the following sections.

Power Switching Interface Wiring IR Cable
Input Relay Patch Harnesses Bundle
Panel Panels Panel
Voltmeters —I
Relay
Computer Controller

Figure 3-6. IR measurement system block diagram of functional areas.
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Figure 3-7. Schematic diagram of the IR measurement system.
3.2.1  Power Input Panel

The power input panel consists of a small terminal block for connecting the input power cables, a master disconnect
switch to isolate the system from the power input, a 5-A fuse, and a power indication light. Changing the power
connection to the system via the terminal block is one of the few manual modifications that needed to be made to
reconfigure the system from AC operations to DC,

3.2.2  Switching Relay Panels

Each of the two switching relay panels consists of a 125-Q ballast resistor, across which a voltmeter is connected,
and 10 relays that are separately controlled by the relay controller. Two connections on each relay panel must be
changed to convert from AC to DC operation.

3.2.3  Voltmeters

Two HP 34401A digital multimeters are used to measure the voltage drops across the two current-limiting ballast
resistors in the IR measurement circuit. Both meters used in this program were subject to regular calibration via the
SNL internal calibration program. This calibration program is compliant with all applicable calibration standards
and guidelines of the National Institute of Standards and Technology (NIST) and the U.S. Department of Energy
(DOE). ’

3.2.4 Relay Controller

A HP 3497A Data Acquisition/Control Unit is used to control the closing and opening of the relays to connect spe-
cific conductors to the voltage source and the measurement side of the circuit. The data logger used in testing is also

13
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subject to the SNL calibration process, although the unit’s built-in voltmeter was not utilized in these tests. The data
logger was used only as a controller.

3.2.5 Computer

A standard personal computer running Microsoft Windows NT™ was used as the master control unit and data re-
corder. A general-purpose interface bus (GPIB) was installed and used for device communication between the com-
puter, the relay controller, and the two voltmeters. Control was exercised using a program under LabView™. Data
from the voltmeters was logged directly to the computer’s hard drive.

3.2.6 Interface Patch Panel

The interface patch panel is composed of a number of jacks compatible with banana plugs to make connection of the
wiring harnesses to the output sides of the individual relays a simple matter.

3.2.7 Wiring Harness
Two 15.2 m (50-ft) 10-conductor cables are used to interface the IR measurement system with the test cable.
3.2.8 Insulation Resistance Cable Bundle

For nine of the 18 tests conducted, the IR measurement system was connected to a 10-conductor test bundle, as de-
scribed above (see also Figure 3-8). For the other tests, the test cable consisted of one of the following cable de-
signs: two tests monitored a single eight-conductor armored cable, one test monitored two five-conductor cables
(not collocated in the same raceway), one test monitored an eight-conductor cable, one test monitored IR for two
separate instrument cables (one two-conductor cable and one six-conductor), two tests monitored a 12-conductor
bundle, and two tests monitored a bundle of three three-conductor cables (a 9/C bundle).

Figures 3-9 and 3-10 show the IR measurement system instrument rack front and rear views, respectively. Part of the
computer for the system can be seen through the doorway to the right of the instrument rack in Figure 3-9.

3.3 An Unplanned System Anomaly

One unanticipated effect was noted during the post-test analysis of data from the first set of tests. This effect was
strictly an artifact of the solid-state relays used in the AC switching system. (This anomaly did not impact the DC
energizing mode of the system because a set of secondary mechanical relays was used in the DC system.)

Each of the solid-state relays used in the AC power source switching system allowed a significant leakage current to
pass through the system even when they were supposedly “open.” The observed behavior was discussed with the
relay manufacturer and this discussion revealed that the relays did not provide a perfect disconnect even when open
(i.e., the open contact resistance was not infinite). Rather, each open relay acted more like a 24 kQ resistor.

Consequently, even with all of the switches open, the effective resistance of this series-parallel network would be
approximately 4.8 k2 (10 48-k<2 resistance circuit paths in parallel). With one relay closed on the input side and a
second relay for a different conductor closed on the output side, the circuit resistance would be approximately 4 kQ
(eight 48-kQ paths and two 24-kQ2 paths in parallel). Indeed, the net resistance for this configuration was measured
at ~4 kQ. Hence, with one conductor powered and a second conductor connected to the output side of the circuit, a
background leakage current of ~28 mA would be observed during the AC input tests.

So long as all of the conductors retain substantial IR to ground, this artifact of the relays has no impact on the data or
data analysis. The behavior becomes more important once any one (or more) conductors short to ground. One con-
ductor shorting to ground will result in an apparent, but artificial, drop in the IRs to ground for all conductors to
about 24 kQ. This artificial impact caused by leakage through the “open™ relay to the shorted conductor and then to
ground would bypass the output side measurement resistor. Hence, the data analysis will record a discrepancy be-
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tween the input and output current and interpret this as an indication of a leakage to ground path associated with the
energized conductor.

8lc
10/c 5lc
B I Armored
undle Cable Cable
8ic 2ic 6/c
Bundle Cable Cable

- 12lc ) 9lc
- Bundle Bundle

Figure 3-8.  Cross-sectional views of the various cable bundle configurations tested using the IR measure-
ment system.
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Figure 3-9. Front view o

Figure 3-10. Rear view of the IR measurement system instrument rack.
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An attempt has been made to correct the data to account for this behavior; however, some residual effects may be
noticed in the data plots for a few of the tests. The corrections were made manually in the data analysis spreadsheets
Whenever this anomaly impacted a given test, a note was made in the corresponding discussion of test results (refer
to Section 5). ’

3.4 Operation

Operation of the SNL IR measurement system is a relatively simple matter of connecting the two wiring harnesses to
each end of the test cable bundle, turning on power to the two voltmeters and the relay controller, closing the main
disconnect switch, and finally, starting the IR measurement program on the computer.

Connection of the wiring harnesses to the test cable was accomplished using commercially-available wire nuts (see
Figure 3-11). It is important that each end of a specific conductor in the test cable be connected to the corresponding
conductors in both wiring harnesses. For example, the conductors marked “1” in each wiring harness needed to be
connected to the ends of the same conductor in the test cable. This also applied to the conductors marked “2”
through “10” in the harnesses. Proper connections are checked by performing a continuity check of the pairs of har-
ness conductors at the patch panel ends of the wiring harnesses.

The LabView™ program flow chart is shown in Figure 3-12. The program begins by reading the date and time from
the computer’s internal clock and the user-defined file name and comments from the associated block on the front
screen. It then rewrites this information to the data file (file name), communicates with the GPIB devices (two volt-
meters and relay controller) to initialize them, and then begins commanding the closing of the appropriate relays in
sequence. For each switch configuration, the voltmeters send their readings back to the computer, which logs the
information to the data file and configures the relay switches for the next measurement. This process continues until
the user has changed the state of the “SCAN™ switch on the front panel to “STOP SCAN,” using the mouse. At this
time, the program closes the data file and stops running. Figure 3-13 shows a sample from one of the data files gen-
erated using this program.

Post-test data analysis was accomplished by importing the data files into an Excel™ spreadsheet and performing the
necessary IR calculations. A final manual pass through the resulting IR data was made to determine the nature (e.g.,
conductor-to-conductor versus conductor-to-ground) and order (i.e., which conductors shorted and when) of ob-
served short-circuit failure. The data analysis also included the generation of IR versus time plots for each conductor
in each test. Representative plots for each test are presented in Section 5.
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Figure 3-11. IR measurement system “in” wiring harness connection to the test cable bundle.

ore] VA Y

' =1 I | =0 | CLOSE: output
switch )

WRITE:
date, time, filenams,
comments & headers

(o]

Figure 3-12. IR measurement system control program flow chart.
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01/12/2001
Filename:

11:52 AM

Cable Fire Test #6.txt

200kW HRR, Thermoplastic cables, tray at 7', flame offset

from tray

Time Switch i

0.000000
1.544000
0.560000
0.562000
0.562000
0.558000
0.559000
0.563000
0.560000
0.566000
0.587000
1.543000
1.541000
0.561000
0.562000
0.562000
0.560000
0.560000
0.562000
0.560000
0.584000
0.560000
1.543000
1.545000

Switch j Vi
1.000000 1.000000
2.000000 1.000000
4.000000 1.000000
8.000000 1.000000
16.000000 1.000000
32.000000 1.000000
64.000000 1.000000
.128.000000 1.000000
256.000000 1.000000
512.000000 1.000000
1.000000 2.000000
2.000000 2.000000
4.000000 2.000000
8.000000 2.000000
16.000000 2.000000
32.000000 2.000000
64.000000 2.000000
128.000000 2.000000
256.000000 2.000000
512.000000 2.000000
1.000000 4.000000
2.000000 4.000000
4.000000 4.000000
8.000000 4.000000

v2

59.865000
3.661200
3.846600
.620200
.652800
.863000
.782100
3.555500

Wwww

.3.863000

3.566300
3.631200
61.065000
3.727100
3.609600
3.782300
3.588100
3.539300
3.787500
3:.755300
3.631000
3.566500
3.793100
60.975000
3.690000

60.412000
3.809400
3.859200
3.626700
3.648600
3.848400
3.848400
3.534700
3.870000
3.556400
3.740100
61.139000
3.775300
3.556200
3.750700
3.637300
3.523900
3.621500
3.875400
3.615900
3.551000
3.837300
61.716000
3.681500

Figure 3-13. Example of data file format.
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4. CABLE FIRE TESTS

4.1 Description

All of the 18 fire tests described here were conducted in a steel chamber measuring 3 m (10 ft) wide, 3 m (10 f)
deep, and 2.4 m (8 f) high, shown in Figure 4-1. The chamber has an opening (door) ~76 cm (30 in.) wide by 2.1 m
(7 ft) high in the center of one wall. The exposure fire was generated by flowing propane gas through a 30 cm
(12in.) x 30 cm (12 in.) diffusion burner (a “sand burner,” see Figure 4-2). The fire intensity was controlled by the
flow rate of the propane through the burner and ranged from 70 to 350 kW.

Figure 4-2. Diffusion burner—30 cm x 30 cm (12 in. x 12 in.).
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Cable Fire Tests

Most of the tests used a ladder-back type cable tray 30-cm (12-in.) wide, modified to create a sharp 90-degree bend
at the center of the tray’s length (Figure 4-3). The tray was positioned in the test cell in a horizontal plane at either
1.5, 1.8, or 2.1 m (5, 6, or 7 ft) above the floor, depending on the type of exposure desired for the test (plume or hot
gas layer), as shown in Figure 4-4. One side of the tray was parallel to the back wall of the test cell and the other leg
of the tray was parallel to the adjacent wall. Figure 4-5 is an overhead sketch of the horizontal tray arrangement in
the test cell. The burner was positioned either directly below the corner of the tray for plume exposure tests or
placed in the center of the test cell for the hot gas layer tests. A straight length of cable tray was used for the vertical
fire test with the burner positioned 0.6 m (2 ft) behind the center of the tray (Figure 4-6).

Figure 4-4, Tray, with cables, installed in fire test cell.
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Sprinkler
o Head -
b
Support
Pillar

Diffusion
Burner
: +11] Support
Pillar
Doorway

Figure 4-5, Overhead view of tray and burner arrangement inside test cell.

Figure 4-6. Vertical tray and cables installed in test cell.
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A water sprinkler head (Figure 4-7) was located in the top of the test cell to provide water spray at the corner of the
tray after the flame had been extinguished. The water spray was conducted for one minute at the end of most tests.

Figure 4-7. Water sprinkler head inside fire test cell.

4.2 Test Matrix

The parameters of the fire tests were selected to help explore certain factors that might influence cable failure modes
during a fire. For that reason, three flame intensities, two exposure modes (plume and hot layer), a variety of cable
tray loading conditions, and several available cable types were included in these tests.

The following provides a summary of the important parameters for each of the 18 tests conducted.

Test 1 10:06 a.m. January 9, 2001

Cable Tested Armored 8/c control cable with the armor shields grounded. The IR system
cable shield was not grounded but was monitored as a separate conductor.
The conductors were insulated with cross-linked polyethylene (XLPE) and
the outer jacket was polyvinyl chloride (PVC).

Tray Configuration Horizontal, 1.8 m (6 ft) above floor, two rows of fill.

Test Conditions 350 kW heat release rate (HRR), plume exposure, 60-minute run followed
by one minute of water spray.

Test2 6:07 p.m. January 9, 2001

Cable Tested A 7/c thermoset control cable with three 1/c thermoset cables attached. The
conductors in the multiconductor cable were insulated with XLPE and con-
tained within a Neoprene jacket. The single-conductor cables were insu-
lated with ethylene propylene rubber (EPR) and each had a Hypalon jacket.

Tray Configuration Horizontal, 1.5 m (5 ft) above floor, two rows of fill.
Test Conditions 70 kW HRR, plume exposure, 60-minute run followed by one minute of
water spray.
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Test 3

Cable Fire Tests

11:36 a.m. January 10, 2001

Cable Tested

Tray Configuration
Test Conditions

A 7/c thermoset control cable with three 1/c thermoset cables attached. The
cable materials used for this test were the same as those used in Test 2.

Horizontal, 1.8 m (6 ft) above floor, two rows of fill.

145 kW HRR, plume exposure, 75-minute run followed by one minute of
water spray. (The test was allowed to run an additional 15 minutes beyond
the planned 60 minutes.)

Test 4 10:50 a.m. January 11, 2001

Cable Tested A 7/c thermoplastic contro] cable with three 1/c thermoplastic cables at-
tached. The multiconductor cable was insulated and jacketed with Tefzel;
the single conductor cables were also insulated with Tefzel but did not have
a jacket. Thermoset 5/c cable was used as tray fill.

Tray Configuration Horizontal, 1.8 m (6 ft) above floor, two rows of fill.

Test Conditions

145 kW HRR, plume exposure; ~40-minute run with no water spray (The
test was terminated early because all fuses were blown and the IR system
showed total shorting to ground.)

Test 5

3:43 p.m. January 11, 2001

Cable Tested

Tray Configuration

A 7/c thermoset control cable with three 1/c thermoset cables attached. All
the cables were insulated with EPR and had a Hypalon outer jacket.

Horizontal, 2.1 m (7 ft) above floor, two rows of fill.

Test Conditions 200 kW HRR, hot gas layer exposure; ~75-minute run followed by one mi-
nute of water spray. (The test was extended by 15 minutes because there
were indications that device actuations/blown fuses were about to occur in
the NEI MOV control circuits.)

Test 6 11:53 a.m. January 12, 2001

Cable Tested A 7/c thermoplastic control cable with three 1/c thermoplastic cables at-

Tray Configuration

Test Conditions

tached. The cable materials used for this test were the same as those used in
Test 4. Again, thermoset cable was used as tray fill.

Horizontal, 2.1 m (7 ft) above floor, two rows of fill.

200 kW HRR, hot gas layer exposure; ~45-minute run followed by no water
spray. (The test was terminated after all fuses had blown and the IR system
showed total shorting to ground.)
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Test 7

2:18 p.m. January 23, 2001

Cable Tested

Tray Configuration

A 7/c thermoset control cable with three 1/c thermoset cables attached. The
types of cables tested were the same as those used in Test 5.

Horizontal, 2.1 m (7 ft) above floor, two rows of fill.

Test Conditions 350 kW HRR, plume exposure, ~66-minute run followed by one minute of
water spray.
Test 8 10:10 a.m. January 24,2001

Cable Tested

Tray Configuration

Test Conditions

Two 5/c thermoset cables (identified as fire retardant ethylene propylene
(EP)) without external conductors attached; one cable was routed in the tray
and the other in the conduit.

Horizontal, 1.8 m (6 ft) above floor, three rows of fill; a conduit with one
MOV control circuit cable and one of the 5/c IR cables was installed along
the inside edges (toward the center of the test cell) of the tray. The conduit
also had a 90-degree bend.

145 kW HRR, plume exposure, ~93-minute run followed by one minute of
water spray.

Test 9

3:20 p.m. January 24, 2001

Cable Tested

Tray Configuration
Test Conditions

A 7/c thermoset control cable (same type as used in Test 5) with three 1/c
thermoset cables attached.

Horizontal, 1.8 m (6 ft) above floor, one row of fill.

145 kW HRR, plume exposure, ~60-minute run followed by one minute of
water spray. The IR system was configured for ungrounded 100 VDC op-
eration.

Test 10

3:18 p.m. January 25,2001

Cable Tested

Tray Configuration

Test Conditions

A 7/c thermoset control cable (same type as used in Test 5) with three 1/c
thermoset cables attached. The IR bundle only had one 1/c external cable
attached.

Vertical, one row of fill, one actuating device bundle was located next to the
tray to simulate an air drop.

200 kW HRR, hot gas/radiant exposure; ~90-minute run followed by two
one-minute operations of the water spray. The IR system was configured
for ungrounded 100 VDC operation.
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Test 11

Cable Fire Tests

9:50 a.m. January 25, 2001

Cable Tested

Tray Configuration
Test Conditions

Two instrument cables without external conductors attached, one was a 2/c
and one was a 6/c.

Horizontal, 1.8 m (6 ft) above floor, four rows of fill.

145 kW HRR, plume exposure, ~75-minute run followed by one minute of
water spray. The IR system was configured for ungrounded 24 VDC opera-
tion.

Test 12

3:07 p.m. April 2, 2001

Cable Tested

Tray Configuration

A 7/c thermoset (EPR/Hypalon) control cable with three 1/c thermoset
(same type as used in Test 2) cables attached.

Horizontal, 1.8 m (6 ft) above floor, one row of fill.

Test Conditions 145 kW HRR, plume exposure, ~60-minute run followed by no water spray.
The IR system was configured for grounded 100 VDC operation.

Test 13 10:38 a.m. April 3,2001

Cable Tested IR measurement: An armored 8/c control cable (same as used in Test 1)
without external cables attached. The armor shield was grounded.
Instrument Loop circuit: A shielded 2/c thermoset (EPR/Hypalon) instru-
mentation cable.

Tray Configuration Horizontal, 2.1 m (7 ft) above floor, two rows of fill.

Test Conditions

350 kW HRR, hot gas layer exposure, ~38-minute run. The IR system was
configured for 120 VAC operation.

Test 14 2:55 p.m. May 31, 2001

Cable Tested IR measurement. Three 3/c thermoset control cables grouped into a single
bundle and routed in the conduit.
Instrument Loop circuit: A thermoplastic (polyethylene (PE)PVC) 2/¢
instrument cable routed in the cable tray.

Tray Configuration Horizontal, 1.8 m (6 ft) above floor, two rows of fill in the tray, a conduit

Test Conditions

with the IR cable bundle was mounted along the inside edge (toward the
center of the test cell) of the tray. The conduit also had a 90-degree bend
and was grounded.

145 kW HRR, plume exposure, ~2 %:-hour run followed by two minutes of
water spray. The IR system was configured for 120 VAC operation.
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Test 15 4:35 p.m. April 3, 2001

Cable Tested IR measurement: A 7/c thermoset control cable with three 1/c thermoset
cables attached. The same type of cables as used in Test 12.
Instrument Loop circuit- A 2/c thermoset instrument cable with shield and
drain wire.

Tray Configuration Horizontal, 1.8 m (6 ft) above floor, one row of fill.

Test Conditions Variable HRR (350/200/450 kW), hot gas layer exposure, ~50-minute run
followed by one minute of water spray. The IR system was configured for
120 VAC operation.

Test 16 2:47 p.m. April 4, 2001

Cable Tested IR measurement. A 9/c thermoplastic control cable with three 1/c thermo-
plastic cables attached. These cables had PE insulation and a PVC jacket.
Instrument Loop circuit- A three-pair thermoplastic (PVC/PVC) instrument
cable with shield and drain wire.

Tray Configuration The IR cable bundle was located in the horizontal conduit at 1.8 m (6 ft)

Test Conditions

above the floor. The instrument cable was located in the horizontal tray at
1.8 m (6 ft) above the floor with two rows of fill.

145 kW HRR, plume exposure, ~30-minute run. The IR system was con-
figured for 120 VAC operation.

Test 17

9:54 a.m. April §,2001

Cable Tested

Tray Configuration
Test Conditions

IR measurement: A 9/c thermoplastic control cable with three 1/c thermo-
plastic cables attached. These are the same types of cables as used in Test
16.

Instrument Loop circuit: A 2/c thermoset (EPDM/Hypalon) instrument
cable.

Vertical, one row of fill.

200 kW HRR, hot gas/radiant exposure; ~60-minute run followed by one
minute of water spray. The IR system was configured for ungrounded 120
VAC operation,
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Test 18 11:59 a.m. June 1, 2001

Cable Tested IR measurement: Three 3/c thermoset control cables grouped into a single
bundle and routed in the conduit. These are the same types of cables as
used in Test 14,

Instrument Loop circuit A thermoset (EPR/Hypalon) 2/c instrument cable
routed in the cable tray,

Tray Configuration Horizontal, 2.1 m (7 ft) above-floor, two rows of fill in the tray, a conduit
with the IR cable bundle was mounted along the inside edge (toward the
center of the test cell) of the tray. The conduit also had a 90-degree bend
and was grounded.

Test Conditions 250 kW HRR, hot gas layer exposure; ~2-hour run followed by two minutes
of water spray. The IR system was configured for 120 VAC operation.

4.3 IR Measurement Interfaces

As mentioned previously, the only interface the SNL/NRC measurement system had in the tests was with the desig-
nated IR cable bundle(s) for each run and the instrument loop cables included in the last six tests. Figure 4-8 shows
the relative location of the IR bundle(s) and the instrument loop cables in the raceways (cable tray or conduit) for
each of the 18 tests. The view shown is looking at the end of the cable tray closest to the doorway of the test cell for
the horizontal raceway configurations. For Tests 10 and 17, the vertical tray tests, the view shown is as if one had
turned the tray up and was looking up from the bottom end of the cable tray. Also shown in the figure is the relative
position of the closest thermocouple instrumented “dummy” cables (i.e., cables not monitored for function but for
temperature). In most cases, thermocouple cable TC-4 was the nearest indication of cable temperature for the IR
bundle. However, for Test 8, since the IR system was connected to two separate five-conductor cables, TC-1 was
the principal cable temperature measurement inside the conduit. Also, for Test 11, TC-4 would be the most closely-
related temperatures for IR cable 1 and TC-1 would be the closest temperature readings for IR cable 3.
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(Test #13 only)
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Figure 4-8. Cable arrangements in tray for the various tests,

2 Based in part on information provided by the industry participants in the test program.
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Insulation Resistance Measurement Results

S.  INSULATION RESISTANCE MEASUREMENT RESULTS

Eighteen tests were conducted as part of the cable fire test series. In each test, the SNL IR measurement system was
used to monitor the change in conductor IR occurring in at least one cable or cable bundle. In a small number of
tests, two separate cables that were not collocated were monitored. This section presents the results of the IR meas-
urements. (Note that Section 6 provides a separate discussion of the instrument loop circuit results taken during the
last six tests). ‘

Of the tests conducted, seven (Tests 3, 4, 6 through 8, 12, and 18) involved clearly characterized cable failures in-
cluding the mode of initial cable failure (e.g., conductor-to-conductor shorting versus shorts to ground) and failure
mode transitions (i.e., transitions to a short to ground). Six tests saw no substantive cable failures (Tests 1, 2, 5, 10,
11, and 14). In Test 9, while failures were observed, the lack of a ground reference plane for the IR measurement
system prevented determination of when shorts to ground occurred. For this test, only the conductor-to-conductor
shorts are detected. Finally, during Tests 13 and 15 through 17, the IR measurement system was compromised by a
wiring fault. As a result of this fault, only the total IR between each conductor and ground can be ascertained (con-
ductor-to-conductor IR cannot be determined). Consequently, while the approximate time of failure can be deter-
mined based on shorts to ground, the initial failure mode could not be determined for these tests.

5.1 Tests 1 through 3

At the outset of the testing program, the building electric receptacle providing power to the SNL IR system instru-
ment rack was miswired (reversed polarity of the hot and neutral leads). As a result, the polarity of the measurement
circuit (as shown in Figure 3-7) was reversed. This problem was discovered and corrected immediately following
Test 3. However, Tests 1 through 3 were run using the reversed polarity circuit.

As a result, the hot side of the power source was being fed to what was believed to be the grounded neutral side of
the circuit. This effectively reversed the input and output sides of the circuit relative to the anticipated configuration.
Fortunately, this reversing of the polarity did not seriously compromise the test data. Given knowledge of the wiring
problem, full analysis of the data was still possible.

5.1.1 Testl

Test 1 was a 350-kW heat release rate fire with armored cables laid in a horizontal cable tray and exposed to the fire
plume. The IR sample was an eight-conductor armored cable. The armor of the cable was not grounded, but rather
was treated in the IR system as a ninth conductor. This allowed for a determination of when the armor shorted to
ground through the outer jacket. The IR system was operated in AC mode and, as previously discussed, the AC
power source was reversed-polarity during this test.

No substantive degradation of the sample cable IR was observed in this test other than shorting of the cable armor to
ground at approximately 800 seconds. Under in-plant conditions, the armor would likely be grounded as a part of
the cable installation. Furthermore, the outer jacket of the cable is not intended to serve any electrical function, but
rather provides only physical/mechanical protection. Hence, shorting of the armor to ground is not considered a
functional failure of the cable. It is noted here only as a potential point of interest.

Figure 5-1 shows the time-temperature plots for two of the thermocouples monitored during the test. These two
thermocouples were chosen because they showed the worst-case temperature exposure conditions (highest recorded
temperatures) for the air near the IR bundle and for the instrumented cable closest to the IR bundle. TC #17 was
mounted on the side of the tray about 1.2 m (4 ft) from the doorway, and TC #68 was located about mid-position on
the instrumented cable TC-4. The peak tray temperature recorded was 438°C (820°F), and that for TC-4 was 357°C
(675°F) near the end of the test run. Note that the rapid decrease in temperatures indicates the point when the flame
was extinguished and the water spray was initiated.
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Figure 5-1. Representative tray and TC-4 cable temperatures recorded during Test 1.

Figure 5-2 shows the IR occurring between Conductor 1 and each of the other conductors in the IR cable. Conductor
1 was the center conductor in the cable and the other seven conductors surrounded Conductor 1 (see Figure 3-8 for
an illustration of the cable configuration). Conductor 9 shown in the plot is the armor shield that surrounded all of
the conductors (a spiral-wound metal band much like a flexible metal conduit).

The impact of the reverse polarity on the IR results associated with Conductor 9 is demonstrated in this figure. Note
that once Conductor 9 shorts to ground (see Figure 5-3), there is a false indication of a very low IR existing between
Conductor 9 and the other conductors. In reality, Conductor 9 is being continuously affected by electrical ground to
the extent that it masks the true IR between Conductor 9 and Conductors 1 through 8. Hence, the appearance of a

low IR between Conductor 9 and Conductor 1, for example (as shown in this plot), is not reflective of the actual
conditions.

Note that the notation used in this figure is typical of that used in the remainder of the IR plots presented in this sec-
tion. For example, “R12” signifies the measured IR between Conductors 1 and 2, “R13” would be the IR between
conductors 1 and 3, and so on. In a similar manner, “R1G” indicates the IR between Conductor 1 and ground. A
*0” is used to designate Conductor 10, so “R0OG” is the IR between Conductor 10 and ground.

The IR change over time of the individual conductors to ground is shown in Figure 5-3. Recall that Conductor 9 is
the armor. As shown in the plot, the armor shorts to ground early in the test (~820 seconds). Also note that the IR
between all of the conductors and ground begins degrading noticeably near the end of the test (at ~3000 seconds).

The reduction in IR between conductor pairs and each to ground indicates an increase in the leakage currents. How-
ever, in this case, the leakage currents remained small. Figure 5-4 shows a plot of how the leakage currents for Con-
ductors 1 and 2 changed in their relationship to one another and to ground as the test progressed. Based solely on
the results of the IR measurements made during Test 1, it does not appear that the IR cable experienced damage to
the point of allowing leakage currents high enough to cause device actuation or blown fuses.
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Figure 5-3. Conductor-to-ground IRs obtained during Test 1.
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Figure 5-4. Leakage currents resulting from IR changes in Conductors 1 and 2 during Test 1.

51.2 Test2

Test 2 was a 70-kW heat release rate fire with thermoset-insulated cables laid in a horizontal cable tray and exposed
to the fire plume. The IR sample bundle was a seven-conductor cable bundled with three single-conductor cables.
Conductor 1 represents the central conductor of the multiconductor cable; Conductors 2 through 7 represent the
other conductors in the multiconductor cable connected in sequence going around the cable (i.e., Conductor 2 is next
to Conductor 3, which is next to Conductor 4, etc.). Conductors 8 through 10 represent the three external conduc-

tors. The IR system was operated in AC mode and, as noted above, the AC power source was reversed-polarity dur-
ing this test.

No substantive degradation of the sample cable IR was observed in this test. All of the conductor IR values re-
mained at essentially the baseline values (nominally in the 10° to 10°  range).

Figure 5-5 shows the time-temperature plots for two of the thermocouples monitored during the test. These two
thermocouples were chosen to illustrate the worst-case temperature exposure conditions (highest recorded tempera-
tures) for the air near the IR bundle and for the instrumented cable closest to the IR bundle. TC#26 was mounted on
the rung at the corner of the tray, and TC#74 was located about mid-position on the instrumented cable TC-4. The
peak tray temperature recorded was 398°C (748°F) and the peak cable temperature was 298°C (568°F). Again, the
rapid temperature drop-off at the end of the test run was due to the water spray.

Figure 5-6 shows the IR occurring between the center conductor in the seven-conductor cable (Conductor 1) and

each of the other conductors in the [R cable. There was no noticeable impact of the reverse polarity problem on the
IR results for this test.

There did not appear fo be any substantial degradation of the cable IR values during this test. The IR relationships
between Conductor 1 and each of the other conductors in the IR cable bundle, as shown in Figure 5-6, is typical of
all of the conductors in the IR cable.
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Figure 5-5. Representative tray and TC-4 cable temperatures recorded during Test 2.
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Figure 5-6. Representative conductor-to-conductor IRs obtained during Test 2.

34




Insulation Resistance Measurement Results

The IR change over time of each individual conductor to ground is shown in Figure 5-7. Here again, it appearsthat ~ [ge=
the 70-kW fire did not cause sufficient damage to the cable to change the IR. Figure 5-8 shows a plot of howthe @~ [
leakage currents for Conductors 1 and 2 changed in their relationship to one another and to ground as the test pro-
gressed. Based solely on the results of the IR measurements made during Test 2, it appears that the IR cable experi-
enced virtually no damage and would not have caused any device actuation or blown fuses.
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Figure 5-7. Conductor-to-ground IRs obtained during Test 2.
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Figure 5-8. Leakage currents resulting from IR changes in Conductors 1 and 2 during Test 2.
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5.1.3 Test3

Test 3 was a 145-kW heat release rate fire with thermoset cables laid in a horizontal cable tray and exposed to the
fire plume at the comner of the tray. The IR sample bundle was, again, a seven-conductor cable bundled with three
single-conductor cables. Conductor 1 represents the central conductor of the multiconductor cable; Conductors 2
through 7 represent the other conductors in the multiconductor cable connected in sequence going around the cable
(i.e., Conductor 7 is next to Conductor 2, which is next to Conductor 3, which is next to Conductor 4, etc.). Conduc-
tors 8 through 10 represent the three external conductors.

The IR system was operated in AC mode and, as noted above, the AC power source was reversed-polarity during this
test. As discussed in Section 5.1, the primary impact of this is seen as various conductors short to ground, When
such shorts occur, and the grounded conductors are switched in to the IR monitoring system, the voltage potential
across the IR system drops to zero and no meaningful data is obtained. Given foreknowledge of the problem, this
does not substantially compromise the test results, and failure modes can be clearly discerned in the data. Various
conductor failures were observed in this test, as described below. These failures included both conductor-to-
conductor and conductor-to-ground failures.

Figure 5-9 shows the time-temperature plots for two of the thermocouples monitored during the test. These two
thermocouples were chosen because they showed the worst-case temperature exposure conditions (highest recorded
temperatures) for the air near the IR bundle and for the instrumented cable closest to the IR bundle. TC #27 was
mounted on a rung at the corner of the tray, and TC #74 was located about mid-position on the instrumented cable
TC-4. The peak tray temperature recorded during this test was 503°C (937°F) at ~3100 seconds into the test. The
tray temperature then decreased and stabilized at ~475°C (887°F) for the duration of the test run. The peak cable
temperature was 404°C (759°F) recorded near the end of the test. Note that there was a problem with this thermo-
couple for the first 1365 seconds of the test, which was corrected during the run.

Figure 5-10 shows the changes in IR occurring between the center conductor of the multiconductor (Conductor 1)
and each of the other conductors in the IR cable bundle during the test. The impact of the reverse polarity problem
on the IR results for this test appears to be only slightly noticeable.

Two separate transitions from the initial IR values to lower IR values were observed during this test. The first of
these transitions occurs between 1300 and 2200 seconds into the test. At this time, the conductor-to-conductor IR
values decrease from ~100 kQ down to ~10 kQ. The second transition happens in the 2700 to 2900 second range
where most of the IRs drop to ~10 Q. The IR relationships between conductor 1 and each of the other conductors in
the IR cable bundle, as shown Figure 5-10, are typical of all of the conductors in the IR cable bundle.

The IR change over time of the individual conductors to ground is shown in Figure 5-11. Here it appears that the
effect of the 145 KW fire causes a very smooth transition to a lower IR to ground during the time between 1700 and
3000 seconds. It also appears that a very limited amount of IR recovery occurs at the very end of the test run, possi-
bly due to the cooling effect of the water spray.

Figure 5-12 shows a plot of how the leakage currents for Conductors 1 and 2 changed in their relationship to one
another and to ground as the test progressed. The multiple transition phases are evident here as well. Note that since
the 125 Q resistors in the IR measurement system limit the peak available leakdge currents to ~1 A, the resulting
leakage current plots presented in this report should be considered to represent the fraction of available leakage cur-
rent that could be shunted through another conductor or to ground.

Table 5-1 summarizes the various IR failures observed. The times are based on the IR of a given conductor to
ground or conductor pair dropping below 100 . It would appear that the first conductor failures involved conduc-
tor-to-conductor shorting between Conductors 1, 6, and 7 within the multiconductor cable (time ~ 2751 seconds).
This failure is seen clearly in Figure 5-10. The next conductor failures appeared to involve Conductors 3 and 4
shorting to each other and to ground at approximately the same time (time ~ 2767 seconds). The exact progression
of the failures cannot be discerned because the transitions all occurred within a single full cycle of the IR
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Figure 5-9. Representative tray and TC-4 cable temperatures recorded during Test 3.
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Figure 5-10. Representative conductor-to-conductor IRs obtained during Test 3.

37

COb




Insulation Resistance Measurement Results

1.E+09 ————ﬁw e

R3G Ay o

=
m
+
g

IR (ohms)

1.E+03

1.E+02

1.E+01

1.E+00

0 1000 2000 3000 4000 5000
Time (seconds)

Figure 5-11. Conductor-to-ground IRs obtained during Test 3.
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Table 5-1. Approximate Conductor Failure Times and Modes in Test 3

Time (s) Failure Mode
2751 Conductor 1 shorts to Conductors 6 and 7
2767-2773 Conductors 3 and 4 short to each other and to ground at approximately the same
time (exact progression cannot be discerned due to measurement cycle time)
2852-2875 Conductor 8 shorts to severa! conductors (1, 2, 3, 4)
2873-3009 All conductors short to ground

measurement system (less than one minute). Between 2852 and 2875 seconds, Conductor 8, one of the three exter-
* nal conductors, apparently shorted to several conductors in the multiconductor cable; namely, Conductors 1, 2, 3,
and 4. Finally, between 2873 and 3009 seconds, all remaining conductors shorted to ground.

Based on the results of the IR measurements made during Test 3, it appears that the IR cable bundle did experience
substantial fire-induced damage. The degradation of IR was sufficient to allow leakage currents high enough to pos-
sibly cause either device actuation or blown fuses in a control circuit.

The specific mode of cable failure during Test 3 appears to have involved both conductor-to-conductor shorts and
shorts-to-ground at roughly the same time during the test. The initial failure mode was intracable conductor-to-
conductor shorting within the multiconductor cable. The time from this initial failure to all conductors shorting to
ground was approximately four minutes. For the three external 1/C cable conductors, the first failure appeared to be
an intercable conductor-to-conductor short, but this short appears to have transitioned almost immediately to a short-
to-ground. As noted, the conductor-to-ground IR degradation was relatively smooth and consistent for all of the
conductors. In contrast, the conductor-to-conductor IRs show somewhat more abrupt transitions to shorting with
specific conductor combinations. Note, for example, the case of Conductor 1: there is an apparent abrupt short tran-
sition involving Conductors 6 and 7 at about 2750 seconds. The IR between Conductor 1 and the external Conduc-
tors 8 through 10 remains higher than that to the internal conductors for the duration of the test.

5.2 Tests 4 through 8

Tests 4 through 8 were conducted after the discovery and correction of the reverse polarity problem on the building
receptacle feeding the IR measurement system. These tests were all conducted at 120 VAC on the power supply side
to the test cable bundle. The types of cables tested included thermoplastic materials as well as thermoset cables.

Failures were noted in four of these five tests, Test 5 being the exception, with no observed failures.

»

52.1 Test4

Test 4 was a 145-kW heat release rate fire with thermoplastic test cable bundles and thermoset cable used as supple-
mental tray fill. The IR sample bundle was, again, a seven-conductor cable bundled with three single-conductor ca-
bles. Conductor 1 represents the central conductor of the multiconductor cable, Conductors 2 through 7 represent
the other conductors in the multiconductor cable connected in sequence going around the cable (i.e., Conductor 7 is
next to Conductor 2, which is next to Conductor 3, which is next to Conductor 4, etc.). Conductors 8 through 10
represent the three external conductors. The IR system was operated in AC mode. Various conductor failures were
observed in this test. '

The cables were laid in a horizontal tray and exposed to the fire plume at the corner of the tray. Figure 5-13 shows
the time-temperature plots for two of the thermocouples monitored during the test. Two thermocouples were chosen
to illustrate the worst-case temperature exposure conditions (highest recorded temperatures) for the air near the IR
bundle and for the instrumented cable closest to the IR bundle. -TC #27 was mounted on a rung at the corner of the
tray, and TC #73 was located about mid-position on the instrumented cable TC-4. The peak tray temperature was
417°C (783°F) and the peak cable temperature recorded during this test was 287°C (549°F).
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Figure 5-13. Representative tray and TC-4 cable temperatures recorded during Test 4.

Figure 5-14 shows the changes in IR occurring between Conductor 5 of the multiconductor cable and each of the
other conductors in the IR bundle during the test. The apparent decrease in IR between Conductors 5 and 8, by
about an order of magnitude, is the result of conductor 8 being shorted to ground rather than an actual indication of
the conductor-to-conductor IR. Figure 5-14 clearly shows an intercable conductor-to-conductor short between Con-
ductors 5 and 10 occurring at ~1032 seconds. Conductors 4 and 9 join this shorting group at ~1200 seconds, a sec-
ond intercable and the first intracable conductor-to-conductor short. The abrupt reduction in the other IR values at
~1400 seconds reflects all the conductors shorting to ground in a relatively short period of time.

Figure 5-15 shows the conductor-to-ground IR for each conductor in the bundle. Figure 5-15 illustrates a gradual
decrease from the initial IR (~10° Q) to ground for the conductors until they individually short to ground during the
test. At approximately 374 seconds into the test, Conductor 8, one of the three external conductors, shows a clear

short to ground — the first actual failure observed. The remaining conductors short to ground over the period of
~1200 to 1500 seconds.

Table 5-2 summarizes that nature of the various cable failure modes observed for Test 4. In this table, failure is de-
fined as an IR drop to below 100 Q, either between conductor pairs or between a conductor and ground, In general,
the conductors each saw a relatively abrupt drop in IR values from about 10° Q down to 10 Q or less over the period
of one or, at most, two measurement cycles. This precipitous drop in IR was defined as a failure.

Note that the first failure observed was a short-to-ground on one of the external single-conductor cables (C8). This
failure occurred rather early in the test (~374 seconds) compared to the subsequent failures. The next failures in-
volved intracable conductor-to-conductor hot shorts. The first of these involved a second 1/C external conductor
(C10) shorting to a conductor within the multiconductor cable (C5). A short time later, the third external conductor
(C9) and a second adjacent conductor within the multiconductor cable (C4) joined this shorting group. At about the
same time, one of the internal conductors (C6) shorted to ground. A second hot-short group then formed involving
two conductors within the multiconductor cable (C1, and C7). All of the remaining conductors (i.e., except C8 and
C6) short to ground over the period between 1280 to 1480 seconds.
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Figure 5-14. Representative conductor-to-conductor IRs obtained during Test 4. This plot shows the IRs
between Conductor 5 and the other nine conductors in the IR cable bundle.
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Figure 5-15. Conductor-to-ground IRs obtained during Test 4.

41

co9




Insulation Resistance Measurement Results

Table 5-2. Summary of Cable Failure Times and Modes during Test 4

Time (s) Failure Mode Observed

~374 Conductor 8 shorts to ground — external 1/c to ground

~1032 Conductor 10 shorts to conductor 5 — external 1/c to internal conductor (intracable
conductor-to-conductor short)

~1192 Conductors 4 and 9 join in the short circuit between Conductors 5 and 10 — two
externals and two internals shorted

~1197 Conductor 6 shorts to ground

~1346 Conductors 1 and 7 short together — internal conductors shorted

~1365-1379 Conductors 4, 5, and 10 short to ground
~1415-1442 Conductors 1, 3, 7, and 9 short to ground
by 1480 All conductors have shorted to ground

Various artifacts appear in the data as a result of the early short-to-ground on Conductor 8. For example, Figure
5-15 shows an apparent reduction in IR between Conductor 5 and Conductor 8 at about the time Conductor 8 shorted
to ground. This is attributed to the fact that Conductor 8 shorted to ground, rather than an actual short between Con-
ductors 5 and 8. Other conductors also saw similar behavior in relationship to Conductor 8 following Conductor 8’s
short to ground. These data are thought to be an artifact of the early short-to-ground on Conductor 8 rather than re-
flective of actual behaviors.

Figure 5-16 shows a plot of how the leakage currents for Conductors 5 and 10 changed in their relationship to one
another and to ground as the test progressed.

Based solely on the results of the IR measurements made during Test 4, it appears that the IR cable experienced fire-
induced damage that allowed leakage currents high enough to cause device actuation or blown fuses. The faults in-
cluded both shorts-to-ground and conductor-to-conductor hot shorts. Two of the three external single conductor
cables shorted to conductors of the multiconductor cable before shorting to ground while the third single conductor
shorted to ground early in the test.

5.2.2 Test5

Test 5 was a 200-kW heat release rate fire with thermoset test cable bundles. The cables were laid in a horizontal
tray, positioned 2.1 m (7 ft) above the floor, and exposed to the hot gas layer. The burner was offset from the corner
of the tray by 0.6 m (2 ft). The IR sample bundle was, again, a seven-conductor cable bundled with three single-
conductor cables and was wired in the same manner as described for Test 4. The IR system was operated in AC
mode. No conductor failures were observed in this test.

Figure 5-17 shows the time-temperature plots for two of the thermocouples monitored during Test 5. These two
thermocouples were chosen because they showed the worst-case temperature exposure conditions (highest recorded
temperatures) for the air near the IR bundle and for the instrumented cable closest to the IR bundle. TC #40 was
located at about the center of the tray’s width, approximately 0.6 m (2 ft) from the doorway end of the tray and ori-
ented so that it was monitoring the air temperature above the cables filling the tray. TC #69 was located at about
0.3 m (1 ft) from the doorway end of the tray on the instrumented cable TC-4. The peak air temperature recorded
was 356°C (673°F) and the peak cable temperature was 330°C (626°F) during this test.
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Figure 5-16. Leakage currents resulting from IR changes between Conductors 5 and 10 during Test 4.
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Figure 5-17. Representative tray and TC-4 cable temperatures recorded during Test 5.
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As Figure 5-18 shows, no changes in IR occurred between Conductor 1 and any of the other conductors in the IR
cable during the test. Conductor 1 was the center conductor in the seven-conductor cable and the other six conduc-
tors surround Conductor 1 and are immediately adjacent to it. Conductors 8, 9, and 10 are the three single conductor
cables bundled with the seven-conductor cable to make up the IR bundle.

The IR to ground of the individual conductors remained nearly constant over time, as shown in Figure 5-19. Figure
5-20 shows a plot of how the leakage currents for Conductors 1 and 2 changed in their relationship to one another
and to ground as the test progressed. Leakage currents remained at very low levels throughout the test.

Based solely on the results of the IR measurements made during Test 5, it appears that the IR cable experienced vir-
tually no damage and would not have caused any device actuation or blown fuses.
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Figure 5-18. Representative conductor-to-conductor IRs obtained during Test 5.
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Figure 5-19. Conductor-to-ground IRs obtained during Test 5.
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Figure 5-20. Leakage currents resulting from IR changes between Conductors 1 and 2 during Test 5.
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523 Testé6

Test 6 was a 200-kW heat release rate fire with thermoplastic test cable bundles. The cables were laid in a horizontal
tray, positioned 2.1 m (7 ft) above the floor, and exposed to the hot gas layer. Thermoset cables were used as fill in
the tray. The burner was placed in the center of the fire test cell. The IR sample bundle was, again, a seven-
conductor cable bundled with three single-conductor cables and wired in the same manner as described for Test 4.
The IR system was operated in AC mode. Various conductor failures were observed in this test.

Figure 5-21 shows the time-temperature plots for two of the thermocouples monitored during the test. These two
thermocouples were chosen because they showed the worst-case temperature exposure conditions (highest recorded
temperatures) for the air near the IR bundle and for the instrumented cable closest to the IR bundle. TC #40 was
located at the center of the tray’s width approximately 0.6 m (2 ft) from the doorway end of the tray and oriented so
that it was monitoring the air temperature above the cables filling the tray. TC #61 was located at the mid-position
on the instrumented cable TC-3. A fourth (TC-4) instrumented cable was not included in this test, The peak tem-

peratures recorded during this test were 356°C (673°F) in the air around the cable tray and 299°C (570°F) on the
instrumented cable in the tray.

As Figure 5-22 shows, changes in IR occurred between Conductor 4 and the other conductors in the IR cable at
about 1870 to 2100 seconds into the test. Conductor 1 was the center conductor in the seven-conductor cable and
the other six conductors surrounded Conductor 1 and were immediately adjacent to it. Conductors 8, 9, and 10 are
the three single conductor cables bundled with the seven-conductor cable to make up the IR bundle.

Table 5-3 summarizes the various failure times and modes for Test 6. The IR of Conductors 8 and 10 to ground
dropped to ~3 2 between 1730 and 1740 seconds. Conductor 9 appears to have shorted to Conductor 4 at about
1989 seconds, an intercable conductor-to-conductor hot short. These two conductors subsequently shorted to ground
between 2123 and 2134 seconds. All of the remaining conductors shorted to ground over the time interval of 1990
to 2126 seconds, as shown in Figure 5-23, Figure 5-24 shows a plot of how the leakage currents for Conductors 4

and 9 changed in their relationship to one another and to ground as the test progressed. Peak leakage currents
reached ~1 A.
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Figure 5-21. Representative tray and TC-3 cable temperatures recorded during Test 6.
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Based solely on the results of the IR measurements made during Test 6, it appears that the IR cable experienced fire-

induced damage that allowed leakage currents high enough to cause device actuation or blown fuses.
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Figure 5-22. Representative conductor-to-conductor IRs obtained during Test 6. This plot shows the resis-
tance between Conductor 4 and the other nine conductors in the IR cable bundle.

Table 5-3. Summary of Cable Failure Times and Modes during Test 6

Time (s) Failure Mode Observed

~ 1700 Conductors 8 and 10 short to ground — external 1/C conductor to ground (failure
induces IR artifacts on conductor 1)

~ 1989 Conductors 4 and 9 short — external 1/C to a conductor of the multiconductor (inter-
cable conductor-to-conductor hot short)

~ 1993 Conductor 7 shorts to ground

~2039-2126  Conductors 1, 2, 3, 5, and 6 short to ground

~2123-2134  Conductors 4 and 9 short to ground
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Figure 5-23. Conductor-to-ground IRs obtained during Test 6.
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Figure 5-24. Leakage currents resulting from IR changes between Conductors 4 and 9 during Test 6.
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524 Test?7

Test 7 was a 350-kW heat release rate fire with thermoset test cable bundles. The cables were laid in a horizontal
tray, positioned 2.1 m (7 fi) above the floor, and exposed to the hot gas layer. The burner was placed in the center of
the fire test cell. The IR sample bundle was, again, a seven-conductor cable bundled with three single-conductor ca-

bles and wired in the same manner as described for Test 4. The IR system was operated in AC mode. Various con-
ductor failures were observed in this test

Figure 5-25 shows the time-temperature plots for two of the thermocouples monitored during the test. These two
thermocouples were chosen because they showed the worst-case temperature exposure conditions (highest recorded
temperatures) for the air near the IR bundle and for the instrumented cable closest to the IR bundle. TC #17 was
mounted on the side of the tray about 1.2 m (4 ft) from the doorway, and TC #77 was located about 0.3 m (1 ft) from
- the end of the tray further from the doorway on the instrumented cable TC-4. The peak tray temperature was 526°C
(979°F) and then dropped and stabilized at ~500°C (932°F). The peak cable temperature was 492°C (918°F).

As Figure 5-26 shows, two transitions in IR occurred between Conductor 5 and the other conductors in the seven-
conductor cable over the time interval of 1700 to 3100 seconds (10° Q down to ~2,000 Q) and again at 3100 to 3260
seconds (2000 Q to ~1 Q) during the test. Conductor 1 was the center conductor in the seven-conductor cable and
Conductors 2 through 7 surrounded Conductor 1 and were immediately adjacent to it. Conductors 8, 9, and 10 are
the three single-conductor cables bundled with the seven-conductor cable to make up the IR bundle.
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Figure 5-25. Representative tray and TC-4 cable temperatures recorded during Test 7.
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Figure 5-26. Representative conductor-to-conductor IRs obtained during Test 7. This plot shows the IR
between Conductor 5 and the other nine conductors in the IR cable bundle.

The IR of the individual conductors to ground demonstrated three transitions in IR, as shown in Figure 5-27. The
first occurred at 1660 to 2100 seconds, the next was at 2625 to 3220 seconds, and finally the IRs went as low as
10 Q at 3220 to 3600 seconds.

Table 5-4 summarizes the conductor failure modes and times for Test 7. The first failures observed involved a rather
complex sequence of intracable failures within the multiconductor cable. Initially, at about 3134 seconds, Conduc-
tors 4 and 5 shorted together. This shorting group was joined by Conductors 1 and 3 about 54 seconds later, and by
Conductor 2 an additional 7 seconds later. A second independent internal short between Conductors 6 and 7 is ob-
served at about 3228 seconds. By 3264 seconds, it appears that all of the seven conductors within the multiconduc-
tor cable have shorted together. The next failures involve various shorts to ground beginning with Conductor 10,
which shorts to ground at about 3298 seconds. The remaining conductors, with the exception of Conductor 8, short
to ground between 3431 and 3514 seconds. Conductor 8 is the last conductor to fail, and shorts to ground at 3872
seconds.

Figure 5-28 plots how the leakage currents for Conductors 4 and 5 changed in their relationship to one another and to
ground as the test progressed.

Based solely on the results of the IR measurements made during Test 7, it appears that the IR cable experienced fire-
induced damage that allowed leakage currents high enough to cause device actuation or blown fuses.
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Figure 5-27. Conductor-to-ground IRs obtained during Test 7.

Table 5-4. Summary of Cable Failure Times and Modes during Test 7

Time (s) Failure Mode Observed
~3134 Conductors 4 and 5 short — intracable conductor-to-conductor hot short within the
multiconductor cable
~3188 Conductors 1 and 3 join short involving 4 and 5
~ 3195 Conductor 2 joins short involving 1, 3, 4, and §
~ 3228 Conductors 6 and 7 form a separate short
~ 3264 All conductors of the multiconductor cable (C1-C7) have shorted together
~ 3298 Conductor 10 shorts to ground
~3431-3514  Conductors 1 through 7 and 9 short to ground
~ 3872 Conductor 8 shorts to ground
525 Test8

Test 8 was a 145-kW heat release rate fire with thermoset test cable bundles. The cables were laid in a horizontal
tray, positioned 1.8 m (6 ft) above the floor, and exposed to the plume. In addition, one of the industry test cables,
one IR cable, and one cable instrumented with thermocouples were place inside a steel conduit, which was mounted
along the inner edge of the cable tray (see Figure 5-29). The burner was placed under the corner of the tray. There
were actually two IR sample cables in this test. Both were five-conductor cables, one located in the tray and one
located in the conduit. Conductors 1 through 5 represent the cable in the tray while Conductors 6 through 10 repre-
sent the cable in the conduit. The conductors in each cable were wired in sequential order following the conductors
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Figure 5-28. Leakage currents resulting from IR changes between Conductors 4 and 5 during Test 7.

Sprinkler
O Head

// Conduit

Support
Pillar

Doorway

Figure 5-29. Overhead sketch of the tray and conduit locations in the fire test cell during Test 8.
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Insulation Resistance Measurement Results

around the cable (the five conductors in each cable were in the configuration of a single ring of conductors with no
central conductor). No single conductor cables were bundled with either of the two five-conductor cables that made
up the IR test cables. The IR system was operated in AC mode.

The cable located in the tray saw no significant failures. However, various conductor failures were observed for the
cable in the conduit.

Figure 5-30 shows the time-temperature plots for four of the thermocouples monitored during the test. These thermo-
couples were chosen because they showed the worst-case temperature exposure conditions (highest recorded tem-
peratures) for the air near the IR bundle and for the instrumented cable closest to the IR bundle. TC #25 was
mounted on a rung located near the corner of the tray; TC #14 was located on the side of the tray near the corner and
next to the conduit; TC #73 was located about mid-position on the instrumented cable TC-4 in the cable tray; and
TC #45 was located near mid-position on the instrumented cable TC-1 inside the conduit. As indicated in the figure,
the peak tray temperature was 536°C (997°F) but then decreased and stabilized at 485°C (905°F) for the duration of
the test. The peak temperature of the IR cable laid in the tray was 316°C (601°F). The peak conduit temperature
was 417°C (783°F), whereas the peak temperature of the cable located inside the conduit was 422°C (792°F).
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Figure 5-30. Representative temperatures for tray, conduit, TC-1, and TC-4 cables recorded during Test 8.

As Figure 5-31 shows, none of the conductors for the IR cable located in the tray appear to suffer significant degra-

dation. The IR between Conductor 1 and the other conductors in the cable (2-5) remained at about 10° Q through-
out the test.

Figure 5-32 shows two transitions in IR occurring between Conductor 7 and the other conductors in the IR cables
located in the conduit. The first transition is a relatively smooth degradation of IR between about 2000 seconds and
4200 seconds when the IRs between Conductor 7 and the other conductors in the cable in the conduit decreased from
10° down to 10° Q. This is followed by relatively abrupt drops in IR to about 10 Q at ~4200 seconds.

The IR of the individual conductors to ground demonstrated four transitions in IR, as shown in Figure 5-33. The

first occurs between 2770 and 4100 seconds and involves a steady and relatively consistent degradation in all IR
values.
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Figure 5-31. Representative conductor-to-conductor IRs for cable IR1 in the cable tray during Test 8. This
plot shows the IR between Conductor 1 to the other four conductors in the cable located in the
tray during the test.
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Figure 5-32. Representative conductor-to-conductor IRs for cable IR2 in the conduit during Test 8. This

plot shows the IR between Conductor 7 and the other four conductors (6, 8, 9 and 10) in the
cable located inside the conduit during the test.
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Figure 5-33. Conductor-to-ground IRs obtained during Test 8.

The next two transitions occur between 4100 and 4250 seconds affecting the tray cable conductors and at 4100 to
4480 seconds affecting the conduit cable conductors. Finally, the IRs of the conductors in the tray appear to stabilize
at ~30,000 Q sometime between 4100 to 4300 seconds. However, these IR values are likely an artifact of the multi-
ple shorts to ground on the cable in the conduit rather than an actual reflection of the cable tray cable’s IR. In all
likelihood, the IR of the cable in the tray remained at or above 10° Q for the test duration.

For the cable in the conduit, the first failures were observed to occur at ~4200 seconds. At this time, Conductors 8,
9, and 10 all shorted to ground, apparently sporadically. This behavior is not fully reflected in Figure 5-33 because
the data plotted represents an average across all complimentary conductor pairs involving each conductor. When the
root data is examined, it appears that these two conductors did show distinct shorts to ground that persisted for some
tens of seconds. These short circuits would break and the conductors recovered significant IR (hundreds to thou-
sands of ohms) for short periods of time before the ground short would again appear. Overall, it appears that the first
failures were shorts to ground on these three conductors.

Subsequent to these sporadic failures, the data show various internal shorts, but all involve shorts to Conductors 8, 9,
and/or 10 that had already shorted to ground. Hence, the initial ground shorts on Conductors 9 and 10 in this case
dominated the failures. Conductors 7 and 6 eventually shorted to ground at ~4300 and ~4500 seconds, respectively.

Figures 5-34 and 5-35 show plots of how the leakage currents for Conductors 1 and 2, and 7 and 8 changed in their
relationship to one another and to ground as the test progressed. Leakage currents for the cable in the tray peaked to
~25 mA and then stabilized at the ~3 mA level. Leakage currents for the cable in the conduit reached very high lev-
els (~1 A).

Failures were observed for the cables in the conduit, and all of the failures appeared to involve shorts to ground as
the initial failure mode. Based solely on the results of the IR measurements made during Test 8, it appears that the
IR cable in the conduit experienced fire-induced damage that allowed leakage currents high enough to cause device

actuation or blown fuses; however, the IR cable in the tray probably would not have caused device actuation or
blown fuses.
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Figure 5-34. Leakage currents resulting from IR changes between Conductors 1 and 2 in the cable tray ca-
ble during Test 8.
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Figure 5-35. Leakage currents resulting from IR changes between Conductors 7 and 8 in the conduit cable
during Test 8.
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Insulation Resistance Measurement Results

5.3 Tests 9 through 12

Tests 9 through 12 were conducted using the direct current power supply capability of the SNL IR measurement sys-
tem. The intention was to simulate a typical ungrounded DC control power circuit and low voltage DC instrument
circuit to determine if the response of a DC circuit materially differs from a similar AC circuit. However, running an
ungrounded input prevented the determination of shorts to ground during Tests 9 through 11. Also, at the time the
tests were conducted, the IR measurement system was limited to monitoring only eight conductors when operated in
the DC mode. Test 12 was run using the IR measurement system operating in the DC mode with the negative side of

the power supply attached to ground, allowing for determination of failure modes. All of the IR cables were of ther-
moset materials for these test runs.

53.1 Test9

Test 9 was a 145-kW heat release rate fire with thermoset test cable bundles. The tray fill was limited to a single row
of cables. The cables were laid in a horizontal tray and exposed to the fire plume at the corner of the tray. The IR
sample bundle was, again, a seven-conductor cable bundled with three single-conductor cables and was wired in the
same manner as described for Test 4 with the exception that the three external single conductor cables were ganged
together as a single conductor on the IR system (C8). The IR system was operated in an ungrounded DC mode.
Various conductor failures were observed in this test.

Figure 5-36 shows the time-temperature plots for two of the thermocouples monitored during the test. TC #27 was
mounted on a tray rung at the corner of the tray, and TC #74 was located at the mid-position on the instrumented
cable TC-4. These two thermocouples were chosen because they showed the worst-case temperature exposure condi-
tions (highest recorded temperatures) for the air near the IR bundle and for the instrumented cable closest to the IR

bundle. The peak tray temperature recorded during this test was 560°C (1040°F) and the peak cable temperature was
558°C (1036°F).
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Figure 5-36. Representative tray and TC-4 cable temperatures recorded during Test 9.
The DC supply was set at 100 V for this test (the upper limit of the programmable power supply being used). In

addition, since the IR measurement system is limited to monitoring only eight conductors in the DC operating mode,
the three external single-conductor cables were ganged together as Conductor 8.
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Insulation Resistance Measurement Results

Figure 5-37 shows the IR changes occurring between Conductor 1 and each of the other conductors in the IR cable
during the test. Conductor 1 was the center conductor in the seven-conductor cable and six of the other conductors
surrounded Conductor 1 and were immediately adjacent to it. Conductor 8 is comprised of the three single conduc-
tor cables bundled with the seven-conductor cable to make up the IR bundle.
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Figure 5-37. Representative conductor-to-conductor IRs obtained during Test 9. This plot shows the IR
between Conductor 1 and the other seven conductors in the IR cable bundle.

As shown in the figure, the IR between the individual conductors gradually decreases from 10'° Q at the beginning
of the run to ~3,000 Q at ~1700 seconds. The IRs between Conductor 1 and Conductors 2, 4, 6, and 7 all decrease to
2 to 5 Q over the next minute. Table 5-5 summarizes the failures times and modes observed during Test 9. It would
appear that the initial failures (IR less than 100 Q) involved a short circuit between Conductors 1, 2, 4, 6, and 7 at
about 1750 seconds. At about 1875 seconds (roughly two minutes later), Conductors 5 and 8 appear to join in the
short circuit. The last conductor to fail is Conductor 3, which joined the short circuit at about 2120 seconds. Recall
that the time of shorts to ground cannot be determined.

Table 5-5. Summary of Cable Failure Times and Modes during Test 9

Time (s) Failure Mode Observed
~ 1753 Conductors 1, 2, 4, 6, and 7 form a short circuit
~ 1875 Conductors 5 and 8 join in the previous short circuit
~2120 Conductor 3 joins in the mutual short circuit — all conductors have shorted together

Figure 5-38 shows a plot of how the leakage currents between Conductors 1 and 2 changed as the test progressed.
The peak leakage current appeared to be ~0.5 A between the conductors.
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