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Abstract

This report documents a series of fire experiments performed within steel electrical enclosures
and on open “ladder back” cable trays. The first objective is to measure the heat release rates and
qualitatively understand the burning behavior of circuit breaker fires within closed steel enclosures
when ignited by a source representative of a high energy arc fault (HEAF). The second objective
of this report is to quantify the thermal exposure of electrical cables that typically are installed in
trays above an enclosure.
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1. IntroducCon

Electrical enclosures housing equipment such as circuit breakers and motor controls are acommon
source of ere in industrial se“ngs, and the poten(Eal damage caused by these eres is an important
consideraCEon in facility risk assessments. This report describes an experimental program with
three objec(Eves: (1) to measure the heat release rate (HRR) of circuit breakers within electrical
enclosures, (2) to quanEfy the igniEon potenEal and Eming for cable trays routed above electrical
equipment, and (3) to be<er understand the propagaon of sre to cable trays via penetratEons cut
into the tops of electrical enclosures.

Previous experiments have been conducted to determine HRR probability distribuEons for elec-
trical enclosure eres [1]. Analysis was then conducted to reene these results to consider specisc
electrical enclosure characterisCEcs (e.g., classifying electrical enclosures in terms of funcon, size,
contents/fuel loading, and venElaton) [2]. In 2020, a revised set of parameters was provided [3]
to address both the sre growth and the suppression response. Further experiments were con-
ducted to measure the HRR for enclosures with limited venCElaCEon [4] and to quanEfy the impact
of material composiCEon (of combusEDble solids commonly found in power plants) on ignitability
and ere growth behavior [5].

To date, there are few measuremeritsf the HRR of circuit breaker sres in electrical enclosures,
which have been observed to grow and conEnue burning for tens of minutes a%oer high energy arc
fault (HEAF) events. Thus, the experiments described in this report (SecEon 3) seek to quanEfy
the peak HRR, Eme to peak HRR, and duraCEon of circuit breaker sres in steel electrical enclosures.
The second focus of this report (SecCEon 4) summarizes the results of experiments designed to
guan(Efy the thermal exposure of electrical cables that typically are installed in trays above an
enclosure.

The experiments described in this report are part of a broader test series, hence the erst experi-
ment presented is idenE+ed as Experiment 33. Results from the earlier 32 experiments are pre-
sented in NIST Technical Note 2232 [4].

Also, the uncertainty of a measurement presented in this report is typically expressed as a relaCEve
expanded uncertainty, someEmes referred to as a 95 % or \two-sigma" consdence interval. This
uncertainty includes both aepistemiccomponent, i.e. the measuring device has an accuracy and
precision reported by the manufacturer based on its opera@Eng principles and calibraCEon, and an
aleatoriccomponent, i.e. there are random variaCEons in repeated trials of an experiment.

1See Reference [6] which includes a descripEon of some experiments in which the HRR of a ere iniCEated by a high
energy arc fault was measured.
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2. A Surrogate Target for Assessing Electrical Cables Exposed to Fire

The objecEve of experiments involving eres within electrical enclosures is not necessarily to as-
sess the viability of the enclosure itself or the equipment contained within, but rather to assess the
vulnerability of surrounding equipment and the likelihood of spreading the sre beyond its point

of origin. The equipment most likely to be located near an enclosure are electrical cables. The
fragility of electrical cables exposed to the heat of a ere is largely a funcEon of the cable's inner
temperature; thatis, the temperature underneath its protecEve jacket where the metallic conduc-
tors rapidly spread the heat. Of course, electrical failure or igniCEon do not occur precisely at any
one temperature, but research suggests [7] that the median failure temperature for most cables
is between 200 C and 400 C (392 F and 752F). Itis typically assumed in risk assessments that
electrical failure and igniEon occur at similar temperatures, most likely because electrical arcing
provides an igniEng spark.

For the experiments described in this report, it was not possible to include every possible type
of cable. This is a common problem in ere science, and it has become common pracEce to use
simple, 0%o.en metallic, objects to represent a wider range of objects that might be subjected to the
heat of a ere. For example, Putor(E et al. [8] used copper and tungsten disks to assess the thermal
,ux from enclosures subjected to high energy arc faults (HEAF). For the current experiments, a
6061 aluminum alloy rod, approximately 15 cm (6 in) in length and 13 mm (0.5 in) in diameter has
been chosen to represent a cable of comparable diameter. Aluminum has been chosen as the
metal because its speciec heat is comparable to the bulk speciec heat of a typical electrical cable
containing a mix of polymers and metal conductors, usually copper.

A useful way to compare the aluminum rod with a cable is by way ofieat capacity expressed

as the product of the density, speciec heat, and cross sec(Eonal ai&g,in units of kJ/(K m); that

is, the amount of energy required to raise a 1 m segment 1 K. The heat capacity of the aluminum
rod is approximately 0.31 kJ/(K m). This value can be compared to that of the two cables that have
been used in the igniEon experiments described below. The one referred to as the \thermoplas-
Ec" cable has polyethylene insulaCEon covering its seven 12ddpieer conductors. Its jacket is
approximately 1.9 mm (0.075 in) thick polyvinyl chloride (PVC). The cable is approximately 15.9 mm
(0.63in) in diameter and has a mass of 0.38 kg/m. It is approximately 55 % by mass copper, 27 %
jacket, 10 % insulaEon, and 8 % eller. Using nominal values of the specisc heats of these materials,
its thermal capacity is calculated to be approximately 0.36 kJ/(K m). The cable referred to as the
\thermoset" has cross-linked polyethylene insulatEon covering its twelve 18 AWG copper conduc-
tors. Its jacket is approximately 1.5 mm (0.06 in) thick chlorosulfonated polyethylene (CSPE). The
cable is approximately 12.7 mm (0.5 in) in diameter and has a mass of 0.25 kg/m. It is approxi-
mately 37 % by mass copper, 33 % jacket, 29 % insulaCEon, and 1 % eller. Its thermal capacity is
approximately 0.22 kJ/(K m).

Figure 1 displays the measure@mperature of an aluminum rod and two cables cut into 15 cm

2American Wire Gauge
30mega Engineering reports that the expanded uncertainty of its Type K thermocoupl®:ig5 % of the measured
absolute temperature.
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(6 in) segments when placed in a convecEon oven whose temperature is set to a nominal value of
300 C(572F). A3mm (1/8in) hole was drilled 7.5 cm (3 in) along the central axis of the aluminum
rod and a single thermocouple was inserted within. For the cable segments, a small incision was
made in the cable jacket and a single thermocouple was inserted between the conductors approx-
imately halfway along its length. The incision was sealed with noncombusDble tape.

Fig. 1Measured temperatures of a 13 mm (0.5 in) aluminum rod and two representaCEve cable segments
in a convecon oven.

The measured temperatures of the rod and cable segments are fairly comparable, sugges@Eng that
the aluminum rod mimics the cable segments unEl the cable polymers begin to pyrolyze at approx-
imately 300 C. However, in the experiments described below, the temperature of the aluminum
rod tended to increase at a slightly faster rate than instrumented cables located at the same loca-
(Eon. There are several reasons for this. First, the cables were cut into lengths on the order of 3 m
to 4 m (9 %o to 12 %o) and placed in a ladder-back cable tray. Only a small fracCEon of the cable was
exposed to the direct heat of the re plume, and its copper conductors would have distributed
the heat along its en(Ere length. The aluminum rod, on the other hand, is cut to a length of 15 cm;
thus, the heat is \trapped" and does not dissipate laterally. Second, the cables were set next to
one another in the tray such that some fracCEon of the surface area would have been shielded from
the convec(Eve and radiaCEve heaEng of the ere. The rods were typically more exposed.

Given that the aluminum rods are not perfect surrogates for cables, why use them at all? It is not
difcult to af x thermocouples within unenergized cables, and, indeed, this was done as part of

the test protocol. The principal reason for the aluminum rods is to facilitate comparisons with
numerical models. Regardless of the level of detail in the underlying physics, ere models typi-
cally treat a cable as a cylinder that is heated uniformly at the surface and which undergoes one-
dimensional heaEng in the radial direcEon. There is no lateral heat conducEon and typically there
are no nearby obstrucEons. It is certainly possible to model a tray full of cables using a complex
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three-dimensional heat conduc@on algorithm, but such a calculatEon is Eme-consuming, dif cult
to embed within exisEng models, and requires detailed thermo-physical data of all the cables that
might be in a given tray. Itis far more tractable to perform a simple one-dimensional heat transfer
calculaCEon based on computed condiCEons in the vicinity of the cable tray. The computed surrogate
temperatures can also be easily scaled should the actual cables be larger or smaller in diameter
to the nominal 13 mm (0.5 in) chosen in this study.

The temperature measurements described in this report are also to be used to validate numerical
models that will then be used to consider many other enclosure-cable tray coneguratEons that
could not be physically tested. The purpose of this modeling is to predict the thermal condiEons in
the vicinity of equipment surrounding a burning electrical enclosure. The aluminum rods provide
afar be<er \target" with which to assess the model predicCEons. In essence, the aluminumrod is a
device that measures the amount of heat that would be absorbed by an actual cable of comparable
diameter. Making this measurement with the cable itself is, ironically, more dif cult because of
the fact that the cable allows the absorbed heat to be conducted along its length.
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3. Circuit Breaker Heat Release Rate Measurements

Four low-voltagé circuit breaker enclosures built by ABB, an internaEonal manufacturer of electri-

cal equipment, were shipped to the NaCEonal Fire Research Laboratory (NFRL) at NIST in September
2023. These enclosures were donated by the German nuclear safety organizatEon Gesetlscha%o f
Anlagen- und Reaktorsicherheit (GRS) from a decommissioned nuclear power plant in Germany,
and contain low-voltage circuit breakers and various types of panel wires, cables, and instrumen-
taCEon. One coneguraCEon consisted of three verEcal secEons that were bolted together, as shown
in Fig. 2, and one coneguraCEon was detached.

Fig. 2.Photograph of the ABB enclosure. The breaker is located in the middle compartment of each
verEcal column. Wiring and other electrical equipment is located mainly in the compartment above, and
the compartment below is largely empty. Each of the three ver(Ecal columns is largely the same.

Two addiCEonal circuit breaker enclosures, manufactured by Wes@Enghouse, were shipped to NIST
in December 2023. Each enclosure houses six low-voltage breakers. One of the enclosures is
shown in Fig. 3, where the lowest level breaker has been removed and replaced with a gas burner
for the experiment. The uppermost compartment contains wiring and instrumentaCEon.

4In this report, the term \low voltage" implies less than 1000 V alternaCEng current.
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Fig. 3.Photograph of the Wes@Enghouse enclosure. Each ver@&cal column contains three breakers in the
lowest three compartments, with instrumentaCEon in the uppermost compartment. A gas burner has
replaced the lowest level breaker in the right verEcal column.

3.1. Descrip@on of Experiments

For the experiments involving either the ABB or Wes(Enghouse enclosures, one or more circuit
breakers with nominal dimensions of 30 cm by 40 cm by 30 cm (12 in by 16 in by 12 in) and masses
of approximately 50 kg (110 Ib) are the primary combus@Ebles whose non-metallic mass consists of
polymeric insulaCEng materials such as glass-polyester and thermoset composite resins. AddiCEon-
ally, plasCEc wire harnesses, panel wire, and circuit boards are located, typically, in the compart-
ment above the breaker, as seenin Fig. 4. There are, typically, only a few jacketed, mulE-conductor
cables located within the upper compartment. In these experiments, some cables were added to
the upper compartment to make up for those that were removed prior to shipment to NIST. The
compartment below the breaker has only a small amount of combusEble materials.

No a<empt was made to remove and weigh all of the combusEble materials within the enclosure
because doing so would have poten(Eally changed its burning behavior. However, representaEve
samples of the most common non-metallic components such as wire insulaCEon, switches, and
circuit boards were removed prior to the experiments to determine their heat of combus@on (see
Sec(Eon 3.2). EsEmates of the total combus@Eble mass in each compartment were then made by
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Fig. 4.Photograph of instrumentaCEon above the breaker. A few cables have been added to replace those
removed previously.

dividing the integral of the HRR with Eme (kJ) by the measured heat of combuson (kJ/kg). These
results are presented in SecEon 3.3.

The breakers were ignited using a nominally 30 cm (12 in) square natural gas burner posiEoned ap-
proximately 20 cm (8 in) beneath the circuit breaker, as shown in Figs. 3 and 5. The burners HRR
was set to approximately 100 kW. A%oer sustained igniCEon of the circuit breaker was observed, the
burner was turned o€ and the enclosure ere was allowed to conEnue burning unCl the measured
HRR decreased below 10 kW, at which point the small remaining sres were ex(Enguished.

Sheathed thermocoupléswere installed approximately 15 cm (6 in) below the ceiling of each
compartment to provide a measurement of the gas temperature within. Thermocouples were also
embedded within electrical cable segments and aluminum rods (see Sec(Eon 2) that were placed
directly above each circuit breaker. The cable targetis a 7-conductor thermoplasEc electrical cable
segment and the aluminum target is a 6061 aluminum alloy rod, both approximately 15 cm (6 in) in

5The relaEve expanded uncertainty (95 % conedence interval) of the HRR measurement under the hood used in these
experiments is 4 % for natural gas and 7 % for \generic combusEbles" [9].
6Type K, sheath diameter 3 mm (1/8 in), expanded uncertain€75 % of the measured absolute temperature.
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Fig. 5.PosiCEon of the burner under the breaker in Exp. 34.

length and 13 mm (0.5 in) in diameter. Throughout this report, these surrogate targets are referred
to as slug calorimeters, or simply \slugs," a term commonly used in the ere science community to
describe objects such as these.

Photographs of the enclosures used in this project are shown in Figs. 2 and 3. Each enclosure is
approximately 2.2 m (87 in) tall, 0.4 m (16 in) wide, and 1.0 m (40 in) deep. Some of the enclosures
have venElatEon panels near the top and bo<om, and all have seams and small openings to ac-
commodate wiring, bus bars, door panels, and so on. No a<empt was made to seal these various
gaps and openings except in Exp. 34 where a burned out instrument panel was covered by a steel
plate, and in Exp. 35, where a hole in the top of the enclosure was covered by a steel plate.

3.2. Material Property Measurements

Material samples were taken from the various circuit breakers to be<er understand their burning
behavior using a Microscale Combus@on Calorimé€C), an apparatus in which a specimen
of known mass is thermally decomposed in nitrogen at a constant heatEng rate and then burned

"This MCC used in this work was a Deatak MCC-3 equipped with a paramagnec oxygen sensor and calibrated accord-
ing to ASTM D7309 [10].
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in oxygen to determine its heat of combusCon. Samples were not idenE+ed by a speciec material
type (e.g., composiEon, and/or manufacturer/distributor name), rather they are labeled in series
(No. 1to No. 10) to correspond to each of the items iden(Eeed in Fig. 6.

Fig. 6.Photographs of each of the ten components selected for MCC measurements.

MCC experiments were conducted in December, 2023. The material samples were subjected to a
80 mL/min nitrogen stream star(Eng at a temperature of°j increasing linearly to 751 at a
heaEng rate of 60 K/min. The pyrolyzed gases were combusted in an oxygen stream of 20 mL/min.
Tests were repeated at least three Emes for each material. Nominal results are listed in Table 1.
The mass-weighted average heat of combusEon of the materials tested is approximately 20 MJ/kg.
Also reported in this table are the onset temperature (i.e., the temperature at which the release

of combus(Eble gases occurs at a measurable rate) and Fire Growth Capacity, FGC. The FGC is a
physically-based parameter for early stage re growth, derived from a simple burning model, that
has been shown to rank commercial materials according to their behavior in bench scale ,ame and
ore tests [11]. The onset temperature is approximated by the temperature at which 5 % of total
heat release is measured, consistent with the desniEon of the FGC. Details of these calculatEons
are provided elsewhere [11, 12].
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Table 1MCC Measurements. The relaEve expanded uncertainty in the reported Heat of CombusCon is
approximately 6 % of the measured value. The primary components of this uncertainty esEmate include:
(2) the relaCEve expanded uncertainty of the heat released per unit mass of oxygen consumed, 5 % [13]; (2)
the relatEve expanded uncertainty of the system ,ow rate, 2 %; and (3) test repeatability, 2 % or 2 standard
deviaEons of replicate measurements. The relaCEve expanded uncertainty in the solid residue yield is 2 %,
primarily due to stochasc variaEons in values measured in repeated tests. The expanded uncertainty of
the temperature measurements is 0:75 % of the measured absolute value.

Matl. Heat of Solid Residue Onset Fire Growth
No. CombusCEon Yield Temperature Capacity (FGC)
(kJ/g) (9/9) ©) (J/(g K))

3 13.9 0.29 35 80

4 30.8 0.02 388 376

5 25.7 0.00 354 465

6 28.3 0.10

7 22.1 0.40 248 111

8 9.6 0.02 257 78

9 27.1 0.24 507 310

10 17.9 0.57 204 67

8Material 3 decomposes through a mulCE-step reacEon, approximately 10% of total heat release occurs in reacCEon
step 1; onset temperature of second main reacEon step is approximately@l25

3.3. Experimental Results

The measurements of the HRR of the breakers were made in October of 2023 and January of
2024. Nominal results are listed in Table 2 and details can be found on the following pages. For
each experiment, the nominally 100 kW natural gas burner was sustained unCEl it appeared that
the breaker had begun to burn. For the erst two experiments, the burner was sustained longer
than necessary, as evidenced by Exp. 35 where the breaker was able to sustain a ¢re a%oer four
minutes of exposure from the burner.

Overall, the breakers within the ABB enclosures sustained a ¢re beyond the Eme when the burner
was ex@Enguished. However, the WesEnghouse breakers did not appear to burn without the aid of
the gas burner, even though, a%oer the experiment, the non-metallic materials within the breaker
clearly showed evidence of having pyrolized. In short, the pyrolysis was not followed by ,aming
combusEon.

The\Peak HRR" in Table 2 indicates the maximum value of the HRR of the enclosure contents; that
is the total HRR minus that of the natural gas burner. The \Total HR" (Total Heat Release) is the to-
tal energy released less the burner’s energy; that is, the energy of the contents alone. The \Mass
Consumed" is the Total HR divided by an es@Enfiitedt of combus@Eon of 20 MJ/kg for the com-

8The uncertainty of the es@Emated heat of combus@on is difcult to quanEfy. The esEmated value of 20 MJ/kg
5 MJ/kg is merely the average heat of combusa;, measured for various plasEcs found within the enclosure
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busEble materials within the enclosure. The peak \slug" and gas temperatures are comparable
and represent uniform condiEons within the compartment housing the burning breaker.

Table 2.Summary of breaker experiments. The uncertainty of the HRR7A$6. The uncertainty of the
temperature is 0:75% of its absolute value. The listed Emes are rounded to the nearest minute.

Exp. Peak| Total Mass Time | Burner | Peak Slug Peak Gas
No. | Make | HRR| HR | Consumed to Peak| DuraCEon Temp. Temp.
[kW] | [MJ] [kd] [min] | [min] [ C] [ C]
33 | ABB| 250 | 387 | 194 4.9 11 10 770 860
34 | ABB| 140 | 192 | 9.6 2.4 9 8 680 700
35 | ABB| 200 | 230 | 11.52.9 20 4 680 670
40 | West.| 30 | 60 3.0 0.8 28 60 160 650
41 | West.| 100 | 280 | 14.0 3.5 40 60 150 700

The breaker that was burned in Exp. 35 was weighed before and a%oer the experiment. Its original
mass was 47.8 kg and its *nal mass was 44.1 kg. The uncertainty of the load cell is approximately
1 g, which is far exceeded by the uncertainty due to extracEng the burned breaker from the en-
closure and separatEng out materials that were or were not part of the original breaker. Thus, the

esEmated combus@Eble mass of the breaker is taken as 3. DRdg.

Using the measured mass loss of the breaker and the esEmates of the mass consumed in the
three experiments, it is possible to esEmate the distribu@®on of combus@Eble mass in the lower,
middle, and upper compartments of the enclosure. In Exp. 33, the ere consumed the contents of

a lower, middle and three upper compartments. In Exp. 34, the ere consumed a lower and middle
compartment. In Exp. 35, the sre consumed a lower, middle, and upper compartment. Taking the
combusEble load of the middle compartment to be 3.7 kg, the esCEmated mass loss of the breaker,
aleast squares regression yields an esEmate of 3.5 kg for the lower compartment and 2.7 kg for the
upper. The 3.5 kg esCEmate for the lower compartment can be taken as all of the combusEbles in
the lower and middle compartment minus the breaker itself. These esEmated combusEble loads
fall well within the uncertainty bounds for the total mass consumpEon listed in Table 2.

The HRR of a sre contained within a single compartment is limited by the air supplied through
openings in the back and side of the enclosure and the opening in the front door of the compart-
ment that is created when the instrument panel melts/burns away. For the enclosures tested, this
opening is approximately 15 cm (6 in) wide by 30 cm (12 in) tall. A useful correlaCEon [14] used in
compartment ere modeling states that air is entrained into a ,ashed over compartment at a rate
given by p_
my= 0:5A H 0:0123kg/s Q)

whereH is the opening height (0.3 m) and is the opening area (0.045 R). With this esEmate,

(weighted to account for the greater mass of combusEble solids contained within the circuit breaker itself, which
had relaCEvely lobH.; see Sec. 3.2).
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the HRR can be es@Emated
Q= Yo,y Emy  37kW (2)

where Yo,y  0:23is the oxygen mass frac(Eon of air dad 13 100kJ/Kkg is the approximate
amount of energy released per unit mass of oxygen consumed.

Evidence for the esCEmated HRR associated with the opening of the instrument panel can be seen

in Exp. 35 where the upper compartment opens up at approximately 19 min, at which Eme the
HRR increases rapidly by approximately 40 kW. The increased venElaEon through the front door
adds to the exis@E&ng venElaEon through the back of the enclosure. CollecCEvely, these openings
supply the air needed to support an HRR of approximately 100 kW per compartment.
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3.3.1. Experiment 33

The HRR and gas/target temperatures are shown in Fig. 7. Referring to the photographs shown in
Fig. 8, the natural gas burner was posiEoned near the top of the lower le%o compartment of the
enclosure, approximately 20 cm (8 in) below the breaker located in the middle le%. compartment.
There was no solid barrier separatEng the lower and middle compartments. The ere ignited the
breaker a%oer approximately 2 min and then spread to the compartment above. The ere then
spread to the two adjacent compartments along the top of the enclosure. The gas temperatures
shown in Fig. 7 indicate that the ere spread from one compartment to the next in approximately
10 min, when the temperature reaches approximately 40D. The side-by-side compartments are
separated by two ver(Ecal steel walls.

Fig. 7.Heat release rate (upper le%o), gas temperatures (upper right), and slug/cable temperatures
(boom) for Exp. 33. The curve labeled \Burner" in the upper le%o plot represents the ideal HRR based on
natural gas ,ow, and \Total" is the HRR measured via oxygen-consumpon calorimetry. The gas
temperatures were recorded near the ceiling of the middle Ie%. compartment housing the breaker
(\Breaker Compartment"), the upper le%. compartment housing miscellaneous wiring and plas&cs
("Loaded Compartment Above"), and the upper central and upper right compartments housing similar
materials (\Top Center" and \Top Right"). In the bo<om plot, the \Aluminum Slug” and thermoplasCEc
\Cable Segment" were placed atop the breaker.
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