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Abstract. Recent testing with various electrode configuratios
and insulating barriers suggests that 250V equipmenomitted
from arc flash hazard analyses has the potential fdourn injury.
Research into the sustainability of arcs at theseoltages shows
assumptions about the magnitude of these hazards e to be
revised. This research enhanced the work of previguefforts by
focusing on the sustainability of arcs with fault arrents lower
than 10kA. Gap lengths between electrodes, electte shape,
electrode material and voltage variations were stued for their
effects on arc sustainability. A modified barrier dsign,
representative of the space around panelboard busabs was also
studied.

Index Terms — Arc fault sustainability, arc flash hazard testing,
effect of insulating barriers, plasma, terminated ertical
conductors, terminated vertical electrodes, vertial conductors,
vertical electrodes.

. INTRODUCTION

Current standards [1] [2] allow for the exclusiohsome 208V
circuits from arc flash studies. The exclusion leggpto equipment
fed by low impedance transformers less than 125KWs implies
that it is impossible for an arc flash event to @p@shazard to a
worker in close proximity to the equipment. Howevéan arc were
to occur and sustain for sufficient time in thegple&ations, arc
flash incident heat energies could exceed levejsired to burn
exposed flesh or ignite conventional clothing.

Arc flash energies are largely determined by thecarrrent and
the arc duration. Since the transformer is just cmaponent of the
circuits being studied, there is no knowledge @f detual values of
these determining variables. However, under thésedards, arc
flash hazard analyses are required for equipmertircaits fed by
larger transformers even if the available faultreot calculated at
this equipment is lower than that from excludedsfarmers and
circuits. The ambiguity created by excluding citsubased on the
transformer’'s power rating could be reduced by tifijgng current
levels below which arcs would self-extinguish befdrazardous
energy levels were reached.

Tests used to develop IEEE 1584002 [1] resulted in arcs self-
extinguishing for available fault currents of 20kA 208V systems.
These tests were performed on vertical open tidigwrations as
described in [3]. Subsequent testing with vertieéctrode
configurations terminated in insulating barrierd, [4howed arcs
sustaining at much lower fault currents with 12.7gemps.

In this paper, the authors report on tests usedvestigate the
sustainability of arcs on 208V systems using add#l gaps, a
different electrode shape, a modified barrier cammsion, a 5%
overvoltage and aluminum electrodes. Since an kVASwvith 2%
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impedance is capable of delivering near 15kA to08\2 circuit,
tests were focused on levels below this. Obsematimom a limited
number of tests with actual equipment are alsogortes!.

[I.  CODE AND STANDARDS DISCUSSION

|EEE 1584™-2002

The widely used empirically derived incident eneegyations of
the IEEE 1584 standard were developed with data fn@merous
tests with open tip vertical electrodes in emptglesures. With this
configuration of electrodes the arcs, initiated the tips with a
trigger wire, would try to form arc plasma jets domard and away
from the tips. For 208V tests with low fault curtenthe arc would
not re-ignite after a zero crossing of the curteetause the recovery
voltage was inadequate for the level of ionizatiemaining in the
region between the electrodes. The equation focutating the
208V incident energy predictions was created byagdlating from
data at higher test voltages.

A

Calculations using the IEEE 1584 equations for a8\20
panelboard are plotted in Fig. 1 for fault currepdtow 15kA. When
using the upper 2-second limit suggested in seddidn2 of IEEE
1584, incident energy calculations exceed 8 cal/fan available
fault currents as low as 2kA. Clearing time (axtirgguishment)
must be below four cycles for this entire curreahge to limit
incident energies to below the 1.2 calfdimeshold where arc rated
personal protection equipment (PPE) is indicated.
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Fig. 1. Incident Energy Calculations for 208V Bimoards using IEEE

1584 equations.

The following statement concerning the need fodtaf the
arc flash hazard at 208V is contained in 4.2 ofHE&34:

“Equipment below 240 V need not be considered wsniées
involves at least one 125 kVA or larger low impeckn
transformer in its immediate power supply.”



It appears that the standard’s intention is to eetgthe arc fault
hazard for fault currents below the abovementioh®kA level. If
fault currents below this level do not pose anftash hazard, the
standard should clarify the need for calculatiorfeem the source
consists of a larger transformer and significantnduator
impedances.

B. NFPA70E-2009

The widely used safety standard in North Americ&PX70E-
2009 [2] requires an arc flash hazard analysis reefexposing
workers to electrical hazards for the purpose @€rmeining proper
work practices and selecting adequate PPE. Howeaweexception
to 130.3 of NFPA70E does not require analysislitted following
conditions exist:

1. The circuit is rated 240V or less.
2. The circuit is supplied by one transformer.
3. The transformer supplying the circuit is ratedsl

than 125 kVA.

This exception does not direct workers to wearrated PPE for
protection. It implies that there is no arc flaskeérd because arc
faults would either self-extinguish on such cirsuibr have
insufficient incident energy to cause burns or tigralothing. Note
also that NFPA7OE includes circuits rated 240V.

NFPA70E allows for two approaches to PPE selectian:
calculation approach such as that of IEEE 1584 tabke approach.
In the latter approach, workers would select a IHHRask category
from Table 130.7(C)(9) based on specific taskse@érformed on
energized equipment identified in the table. Thquigite PPE
would then be selected from Table 130.7(C)(10).

Table 130.7(C)(9) calls for Hazard/Risk Categorgrd PPE for
work on energized equipment rated 240V or less migipg on the
task. The limits of use for this table are a maximavailable short
current of 25kA and a maximum clearing time of 0s@8onds. This
approach directs workers to arc rated PPE for icettesks if the
equipment is fed from a transformer larger thankKi\2A. Even with
low fault currents, workers are directed to wearrated clothing.

A power panel rated at 208V with an available fawltrent of
5kA and a clearing time of two seconds would needaec rated
PPE system rated greater than 16 cdl/ifnusing the |IEEE 1584
equations. However, if the equipment were fed byla2.5KVA
transformer, no analysis would be required andatbiker might not
wear arc rated clothing. If workers use the tabkthod without
knowledge of the clearing time of the upstream oweent
protective device they may be wearing cotton ctajhor PPE with

tests were run using 3 phase vertical electrodeshawn in Fig. 2
with arcs initiated on the open tips

Fig. 2. Vertical Electrode configuration

Although the working group reported that arcs waisstained in
only one case (87kA), they state that future tgséin208V would be
worthwhile considering that arc injuries have ocedr at this
voltage [3]. The reported tests used vertical ebelets with gaps of
12.7mm.

B. Barrier Testing

After the release of IEEE 1584, tests were performéth an
insulating barrier [4] attached to the bottom oé tblectrodes as
shown in Fig. 3. The tests for that paper examitedeffect of a
barrier on incident energy and arc current levat@sapared to 1584
equations. Similar to IEEE 1584 tests and [5], ¢he=sts used a
508mm x 508 mm x 508 mm enclosure with a 32mm gztpvden
electrodes for 208V, 480V and 600V systems.

Fig. 3. Barrier configuration is used to simulatnductors on top fed
equipment shown at right.

Tests performed with gaps of 12.7mm and 50.8mm ewetp
the results with open tip tests to determine tiecebf gap and X/R
ratio on arc sustainability and incident energyhwiihe barrier in
place. Testing at progressively lower currents ata the barrier

an arc rating of 4 cal/cin The lack of data on sustainable arcsconfiguration’s ability to reliably sustain arcsrfonore than one

affecting equipment rated 240V and below is at lileart of this

ambiguity. Coinciding with this paper, a proposalreplace this

exception from the standard with a note referrmgther standards
such as IEEE 1584 is being processed.

Ill.  OVERVIEW OF PREVIOUS TESTFINDINGS

A. |[EEE 1584-2002 Test Program for 208V

The purpose of this testing was to develop equsattbat would
adequately predict arc current, incident energy #ral arc flash
protection boundary. The tests covered a rangeotidges from
208V to 15,000V and fault currents up to 100kA. Pnegram used
test fixtures chosen to simulate real equipmene Tdw voltage

second with a 12.7mm gap at 4kA and 208V. The 32gam
performed intermittently at the lower values. Altilgh these tests
gave good insight into the arc’'s behavior with tharrier, [4]
identified the need for more testing “with lowenrted-fault currents
to determine the critical levels, below which sustd arcing is not
possible” with common 208V equipment conductor spac

IV. SUSTAINABILITY OF LOW VOLTAGE ARCS

Factors that may not be significant for arc sustaility for high
current arcs on 480V and higher systems need tbsidered for
low current arcs on 208V systems. Re-ignition ofaan arc after a
zero crossing of the current can be classifiedielsatric or thermal.
The degree of ionization in the space betweenrel@etconductors,



the electric field strength about the electrodes,temperature of the
electrodes and the recovery voltage can affect réaggnition
process. After a zero crossing of the current,dieéectric strength
between the electrodes begins to increase. If ébevery voltage
grows to a value greater than the dielectric regpow&rength,
dielectric re-ignition will occur. Factors thatfedt the intensity of
the electric field at the cathode such as sharg®dg the electrode
material can assist in freeing electrons and réignthe arc. When
the electrode and the arc achieve sufficient teatpegs, it is
possible for thermal re-ignition to occur at vokagower than that
required for dielectric re-ignitions. As cooling tfie arcing area
occurs, the ionization between electrodes will dish rapidly and
will require higher voltage to re-establish the.dfdhe a-c voltage
does not increase fast enough the arc will notniggand is
considered self-extinguished [6].

For a single phase a-c arc the current flow betwesa
electrodes will go to zero at the end of each l@iéle and
deionization begins. The race between deionizaind recovery
voltage determines if the arc re-ignites. In a ¢hphase arcing
event, current flow through an arc will always begent. When one
phase passes through a natural zero crossing liee oto phases
will continue to conduct. Hence plasma generatedth®se two
phases can affect the re-ignition of the arc frwn third phase. In
high current arc faults where the plasma has
electromagnetically driven from ‘open tip’ electes] it is possible
for re-ignition to occur near the location of thetbe arc channel
when extinction occurred. Higher voltages would required to
reignite the arc along this longer path.

If the plasma and hot gases from an arc fault ardired in a
small location, a higher degree of ionization can rhaintained
about all electrodes by the two remaining condgctitnases. In
some configurations, it may be possible for the w@rcre-strike
upstream from the last location of the cathode rpti the arc
extinguishing. Fig. 4 is a photograph of the busdsasion where an
arc had been established between the aluminum dssust above
an insulating support. With the air ionized abtve top arrow, it is
possible for the arc to re-strike at the smallgs. galectromagnetic
forces would drive the arc back to the barrier whiérwould burn
for % cycle. The consumption of the aluminum elettr near the
insulator is similar to that of a barrier configtioa and suggests
that the arc resides here for most of the burrimg.t

been

Single phase tests of open tip and barrier cordigoms were run
to provide better insight into sustainability byoking at the
relationship between the arc voltage and arc curren

The trace shown in Fig. 5 is from a single phaséca open tip
test in a 508mm x 508mm x 508 mm steel enclosune. t€st was
run at 480V, 23.6 kA and a X/R of 7.6. Note thaeathe first zero
crossing, current flow is effectively zero for 2dilliseconds until
the system voltage recovers to -536V. This indidbat dielectric
re-ignition occurred as discussed above. After seeond zero
crossing, the arc does not re-ignite. It is pedad that the ionized
gas was driven away from the tips, rapidly de-iowgzthe area
between the electrodes. The voltage could notvercfast enough
to cause re-ignition in the gap or the longer athgust prior to the
current zero.
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Fig. 5. Trace from 480V single phase open tip tes

The trace shown in Fig. 6 is from a repeat of thevipus single
phase vertical open tip test 23.6 kA. Note thahatbeginning of the
2nd cycle the traces indicate dielectric re-igmitid\fter the zero
crossing of current the arc is extinguished andrecur flow is
effectively zero. The voltage recovers to 616Ve tArc re-
establishes and the arc burning voltage is detemiy the path and
current magnitude. At the beginning of the 3rdleyce-ignition
occurs at a lower voltage and the current reachagteer level for
subsequent peaks. By the start of the sixth ctloée recovery
voltage is only 172V and current flow resumes afmosnediately
after the zero crossing. It appears that a differexmignition
mechanism has occurred, most likely due to the easing
ionization within the large enclosures.
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The trace shown in Fig. 7 is from a single phastos electrode
configuration terminated in an insulated barriehisT test was
performed at 480V, 11.4 kA and X/R of 7.6. Notetthéter the
beginning of the event, when the trigger wire nwltthe current
always resumes almost immediately after the zerossimgs,
suggesting thermal re-ignition. Highly ionized ghetween the
electrodes may play a bigger role with this barc@nfiguration than
the open tip configuration and may help to exptamsustained arcs
at 208V and low fault currents. Pyrolysis of theutating barrier
may also contribute to sustainability of the arc.
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Fig. 7. Trace from 480V single phase barrier test

V. TESTOVERVIEW

Low voltage equipment was examined to identify dees that
may aid dielectric re-ignition and/or may be beteited to thermal
re-ignition than the test configurations previouslyestigated. The
following factors were incorporated into test spswand evaluated
for their effect on arc sustainability on 208V poveystems with
low fault currents.

A. Gap

Prior barrier configuration tests [4] at 208V usedps of
12.7mm, 32mm and 50.8 mm. These gaps were igitisded to
investigate their effect on power transfer for 48@vid 600V
systems. They were used on 208V tests out of coene®. To
more effectively evaluate arc sustainability on \208y/stems the
authors conducted additional testing with insutatimarriers and
electrode spacing of 19mm and 25.4mm between elizir These
gaps are more representative of 250V rated equipfrg[8].

B. Electrode Shape

Prior barrier configuration tests used 19mm diamedpper rods
for electrodes to compare results with the initl®EE 1584
developmental tests. This shape might be considdcedbe
representative of cable. Bus bars sized at 12.7n2%.4mm were
added to the test series. This is believed to Ipeesentative of
vertical conductors in power panels commonly in useNorth
American facilities. Tests were run to determinethie higher
electric field strength at the sharp edges of e liars aided arc re-
ignition.

C. Configuration Design

One characteristic of the barrier configurationthe ability to
sustain arcs at lower available fault currents. Bighows 2 frames
from a high speed video sequence of an ‘open-airtidér test at

208V. As discussed in [4], the plasma flow froristbonfiguration
is along the plane of the barrier and perpendidoldéihe plane of the
electrodes.

EE

Fig. 8. 208V barrier test in open air — 2ms ant nto event.

Since this test set-up has a back panel 4" beliacetectrodes,
the plasma flow away from the rear of the barrgeredflected back
between the electrodes. Once an arcing conditiestablished in an
enclosure, this should have the effect of ensuthrg the gases
between the conductors to the electrodes are migrdyhionized
than with the open tip configuration, where theized gases are
driven away from the electrodes. Re-ignition caruocalong a
much shorter path and require a lower recoveryageltfor re-
ignition. As the arcing progresses, greater ioiratvill make it
easier for re-strikes to occur anywhere along tmegth of the
conductors above the barrier.

To simulate the space around the bus bars behindeth@ase
circuit breakers in panelboards, a modified baraerangement,
shown in Fig. 9was used. A 203 mm x 25mm x 76mm block of
phenolic material was attached along the front hadk of the
insulated barrier used in prior testing. Invesimad were made to
determine whether the front barrier diverted théwaud flow of
plasma upward and increased ionization levels lewadectrodes
during the arc event with the lower fault curreriffie results of
these tests are reported as the chamber configarati

Fig. 9. Chamber Configuration. This is intnded;ulate the tight space
behind the breakers and around the bus bars jpathelboard shown at right.

D. Electrode Material

All prior barrier tests were performed with coppmmductors
(electrodes). A review of power panels showed thast 208V and
240V panels in service use aluminum bus bars. Tesise
performed to determine whether the physical pragertof
aluminum [9] would enhance re-ignition at lowerlfaturrents. The
minimum limit of arc sustainability with aluminumub bars was
compared to that of copper bus bars for varioussetsups.

E. Available Fault Current (1)

Ige values, ranging from 2 kA to 15.6 kA were used:oonpare
the performance of the variables in their abildystistain arcs. Each



configuration was tested to find the value at whaehs would not the chamber configuration at 0.75” and 1.0” gapcspa Notice the

sustain for more than three cycles. difference in arc duration for the 4.1kA and 5.6ieAts.
F' VOltage Comparison of Sustainability - Gap

The majority of tests were run with a system vadtag 208V. 60 R TRy TS
When the limit of sustainability was found with aognfiguration, 50 . o
additional tests were run at 218V (+5%). If therswo increase in Lo - o Y N
arcing activity, the fault current was identifiesl the bottom limit of 5 % —t
that test condition. © 2 .

10 7

A limited number of scouting tests at 250V proviaedre insight ol ‘ ‘ ‘
into the impact of voltage on sustainability at Idault current 2 41 56 s 156
IeVelS. Available fault Current

= & =CuBar-Chamber = ® =CuBar- Chamber
VI. TEST RESULTS ANDFINDINGS (25 4mm Gap) (19mm Sap)

The following sections discuss results from 89stest 208V, Fig. 11. Results of chamber configuration tes@08V.

218V and 250V, with vertical electrode gaps of 19@md 25.7mm  The test duration for both tests was 57 cyclesofgarison of
and bolted fault currents near to 2kA, 4kA, 6KAAB&Nd 15.6KA  current waveforms is shown in Fig.12. At 19mm gagl 4 of

(the precise levels being dependent on the voltdgesen). The 5.6kA, the arc is established when the trigger winelts and
electrodes were placed in a test enclosure withedsions of maintains current flow through the arc for the entest duration.
305mm x 355mm x 152mm and were 63.5 mm from thé& pacel  with a 25.4mm gap the arc quickly extinguishes festrikes later
of the enclosure. Fifty-six of these tests usednaulating barrier in the test at a low level of arc current. Approately 18 cycles
shown in Fig. 3, while the chamber of Fig. 9 wagdisn the after the re-strike, the arc currents in all 3 gisdsok very stable; B
remainder. All tests were done with a low sourc® X£2). Four phase current is about 10% lower than the test thith19mm gap.

calorimeters were located at a distance of 305m2f) (fom the  Similar performances occurred with other test apmitions.
electrodes.
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gaps and various test variables. From the limitealver of scouting
tests it appears that the abovementioned fact@ssignificant in

determining arc sustainability forsd below 10kA. These test
findings are discussed in the sections below. la fiots of

sustainability, the data points indicate the longlesation observed.
The lines between the data points are drawn faitgland do not

reflect results for values between the test custent
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Effect of gap. Unlike the open tip configuration, the gap widshai
critical variable in sustaining current flow durire low current
arcing event with both the barrier and chamber igondtions. At
higher currents, arcs were easily sustained forgtiyes tested; the
size of the gap affected the amount of power teansfl into the arc  Effects of Electrode Shape. When 12.7mm x 25.4 mm Cu bus bars
and the magnitude of the arcing current. Fig. Idwsha comparison were used as the electrodes, it was possible taisusrcs at much
of the number of cycles sustained for the 208Vstpstformed with  lower available fault currents as compared to 19gwpper rod
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500 Volis

Fig. 12b Chamber test at 208V, 5.6kA and 25.4 ram g




electrodes. As noted earlier higher electric fiedtithe sharp edges Effects of Configuration. Test results for the new ‘chamber’ design
likely aided arc sustainability. See Fig. 10 focamparison of the
number of cycles sustained for the 208V tests Wimm rods and
the bus bars performed with the chamber configomasit 25.4mm

gap.

Effects of Voltage. Minor changes in voltage had a dramatic effec

show arcs re-ignited easier, were more stable adddrger currents
when compared to the insulating barrier. See tllgin Fig. 10
comparing the number of cycles sustained for th&V2@ests

performed on the chamber configuration and on tleeridr

?onfiguration with 1.0” gap spacing.

on arc sustainability for some low fault currented during these Effects of Aluminum Electrodes. The change to aluminum bus bar
scouting tests as shown in Fig. 10. For the 218ttthe 4- was 5%
higher than the 208V tests. At higher test currethis influences of
small voltages appeared to have minimal effectsustainability,
power transfer into the arc and the magnitude efatiting current.

Fig.13 shows results of a 218V test tests performétl the

chamber configuration at 25.4mm gap spacing apadi 5.9 kA.

The arc, initiated when the trigger wire melts, dmaes firmly

established in the next two cycles and maintaingeati flow

through the arc for the entire test duration. Aucrent levels are
relatively stable anda slightly higher percentage ofrlthan the
208V test shown in Fig.12b.
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Fig. 13 Chamber test at 218V, 5.9kA and 25.4 mm ga

Tests run at 250V showed even more dramatic effeotarc
sustainability. The trace shown in Fig. 14 is fransingle phase
vertical electrode configuration terminated in asulated barrier

wit
of

h a gap of 19mm. This test was performed at 25(RA and X/R
1.6. Note that after the trigger wire melted thec never

extinguished until the station breaker opened. ixagnition after
each zero crossing is similar to that of Fig. 7rfarst cycles.

i
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had a dramatic effect on arc sustainability for¢herent levels used
during these scouting tests as shown in Fig. 1thigher currents,
arc sustainability appeared similar to copper.

Comparing the current waveforms shown in Fig. 15 tle
chamber tests at 4.1kA, it appears that aluminuscteddes help
facilitate a more stable arc. With copper bus the,arc quickly self
extinguished but re-struck several cycles latephase current is
intermittent throughout the subsequent arcing jgerionized gases
from the arcing between A phase and B phase asby likesponsible
for the re-strikes of C phase during this periodthivéluminum bus
bars, the arc is intermittent at first but quickdyabilizes and
maintains throughout the entire test period. The anrents in A
and B are near 10% higher; C phase is more stable.
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Fig. 15a: 25mm Gap, 4.1kA, 208V and copper bus.bar
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Fig. 15b. 25mm Gap, 4.1kA, 208V and aluminum barsb

B. Incident Energy Findings

In most of the tests where less than 57 cycles vweperted, the

Fig. 14. Traces from 250V, 4kA single phase testibiatest with 19mm gap. arcs extinguished but re-struck and burned unélehd of the test



period. See Fig. 12b as an example. It is higldgiyi that these arcs where the aluminum helped support current flow drvethan the

would have burned longer than the allotted tesetiiost of the
reported incident energy for these tests was gtetkiater the re-

strikes. For this reason, incident energy resarsnormalized to 30

cycles based on the number of cycles of conduaioB phase not
on the duration of the test. More data points atltdw end will be
needed to help develop a reliable predictive eqoati

For all chamber configuration tests, the incidemtrgy was less
than predicted by the IEEE 1584 equations. Resuksshown in
Fig. 16. Where arcs were sustained, tests withsthedard barrier,
had measured incident energy closest to the |IEE# pbedictions.
Fig. 17 highlights a few cases where incident enewgs higher
than IEEE 1584 predictions.

Incident Energy

= 1584 (0.5-second)
X Cu Rod - Chamber 0.75"
Cu Bar - Chamber 0.75"
Cu Bar - Chamber 1.0"
Cu Bar - Chamber 1.0" (218V)
Al Bar - Chamber 1.0"

Max Cal/cm?

°
4
[m]
*

Available Fault Current

Fig. 16. Plot of incident energy normalized tocy@les.

Incident Energy

= 1584 (0.5-second)

4 Al Bar - Barrier 0.75" (218V)

A Cu Bar - Std Barrier 0.75"

X Cu Bar - Std Barrier 1.0"
(218V)
A Cu Bar - Std Barrier 1.0"

Max Callcm?

Available Fault Current

Fig. 17 Plot of incident energy normalized to $0les.

The higher incident energies of the barrier configjon can be
attributed to the outward plasma flow shown in Eigand described
in [4]. The lower incident energy from the chamigenfiguration
can be attributed to the upward deflection of theizontal plasma
flow by the front barrier as shown in Fig. 18. Tireater distance
between the conducting channel and the calorimetbosvs the
plasma cloud to cool before reaching the calorinsete

The limited results from tests with aluminum eledis appeared
to be significantly higher than those of copper wrercs were
sustained for both materials in the barrier corfigon. In cases

copper, measured incident energy was obviouslydnigh

Fig. 18. Front view photos from chamber test.
C. ArcCurrent

For all tests above 7.6kA, the measured arc cuwém® phase
exceeded that predicted by the IEEE 1584 equatibiusvever,
below this level some configurations had arcingents lower than
predictions. Fig. 19 shows the average current aftg re-strike.

Arc Current
larc (KA)
14.0

4.0 M
20
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Available Fault Current

= Predicted larc X Cu Bar - Chamber

0.75"

X Cu Bar - Chamber
1.0

< Cu Bar - Std Barrier A Cu Bar - Std Barrier
0.75" 10"

—©-Cu Bar - Std Barrier
1.0" (218V)

Fig. 19. B-Phase arc current plotted versus |IEE& predictions.

Although the incident energy with the chamber agunfation was
significantly lower than with the barrier configticm and IEEE
1584 predictions, it performed better in maintainfairly steady arc
currents at these low fault currents. Results fthenlimited number
of chamber configuration tests always had B phasesot higher
than IEEE 1584 predictions. Tests with the standbedrier
however, resulted in lower-than-predicted arc augewhen
available fault current was below 7.6kA. The bardenfiguration
appears to have allowed for longer arc lengths rasdltant lower
currents than the chamber configuration.

Currents were always imbalanced as discussed inA#djthe
lower fault currents, intermittent currents werenstimes observed
on A or C phase. See Fig. 15a for example. To phlpmessess
overcurrent protective device performance, it mayniecessary to
predict B phase and average arc fault current.

The ratio of .. to Igr at the low fault current levels was observed
to be slightly higher at 218V when compared to 208Mthose tests
where the arc was sustained. When developing intiéaergy
models, this will be an issue that needs to be esded to better
select clearing times of overcurrent protectiveick. If arcs can be
sustained at 208V, the lower arc current need®tosed; if the arcs
can only be sustained at 218V, the higher curremilévbe more
appropriate.



D. Fuse Performance

Previous works [10] [4] showed that UL Class RKutds would

limit incident energies to less than 0.5 caflan 18” when the arc |

current was greater than the fuse’s threshold value confirm
energy limitation from RK1 fuses, 200A and 400A $&laRK1
Nontime Delay fuses were evaluated with 4kA andA.6&vailable
fault currents. At 4kA, even the 400A fuse opebetbre the #12
AWG trigger wire could melt. Since no arc was bbshed,
measured heat was negligible.

E. Equipment Tests Results

The authors evaluated three 250V panels to determihat
locations within the panel were most likely to surstarcs at low
fault currents and which were most likely to creatsward plasma
flows. Fig. 20 highlights what are believed to bffedent electrode
configurations within typical panels. The area latdeA would be
similar to the barrier test configuration. Area Bhind the circuit
breakers would be like the chamber configuratiothwespect to
ionization between electrodes. The feed througls hear C on the
panel in the right photo might be similar to thatial open tip
configuration.

Fig. 20. Multiple eleéf}de configurations in pén

An arc was initiated above position B in the paofdFig. 20. The
test circuit was set at 250V angk lof 6.5kA. Spacing between the

aluminum bus bars of this panel was 19mm. The aes w Contaminants

electromagnetically driven downward to a locatioehind the

circuit breakers. Results are shown in Fig. 21 ligd 22. Note the
amount of burning aluminum that was ejected. Aswshin the

trace, the arc self-extinguished and re-struck yi@es later. This
trace closely resembles results shown in otherdigior a chamber
configuration test. The arc burned for a total & $econds and
appears stable at the end of the 2 second tesidpetien the station
breaker opened the circuit. The measured incideatgy was 15.7
cal/cnt at 457mm. The IEEE 1584 prediction for 2 secasd0.6

cal/cnt and 16.9 cal/cfrfor 1.6 seconds.

Fig. 21. Photos of panel with arc flash tests1\2and 6.5kA
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Fig. 22. Traces from Panel arc flash test at 280¥ 6.5kA

Limited testing at 208V, due to lack of equipmemtas
inadequate to confirm the applicability of the bErrand chamber
configurations for further model development. Marquipment
testing with low voltage equipment is critical iefining predictive
equations. The above mentioned results, stronglpliés that
exclusions of circuits 240V from analyses coulddlga serious
injuries and needs to be revised.

F. Other Observations

on insulating surfaces could affectc ar
sustainability and should be considered before torgita piece of
equipment from an arc flash study. In some tests, ibsulating
support at the top entry of the bus bars into est boxes was not
cleaned prior to several early tests at 4kA. Testsrun after
cleaning and meggering the insulator, yielded chffé results for
some configurations. Tests with the contaminantgeaped more
likely to re-strike and establish stable arcs & kbwest currents
tested. The material and condition of insulatorthfield may have
a similar effect.

Effective arc gap distance could be less than eaeip gap
distance during equipment failure or introductidradoreign object
into the gap between conductors. If foreign olgjemter into the
space between conductors, they could remain an@uctor in the



arc circuit and effectively reduce the arc gap. shewn above and
in previous work with 12.7mm gaps [4], reducing gé&e can have
a dramatic effect on arc sustainability.

The performance of overcurrent protective devices the
presence of intermittent fault currents may neathér evaluation
for cases where such devices are not expectedeto ioptheir short
circuit mode. Test setups may need to use smaifgrer wire sizes
to ensure the wire melts and starts an arc befoee protective
device operates. If arcs cannot be established svithller wire,
mechanical means of establishing an arc could briated.

Arc rated PPE would be needed for workers at tHeser
currents if durations were greater than a few cycleor example, if
these limited results are typical and incident giesr are somewhat
linear over time, arc rated PPE would be neededhfdt currents of
5.6KA if clearing times were greater than thredeyc For extended
arcing times, the outward convective flow of the rriea
configuration could have additional effects on Rekection [11].

VII. CONCLUSIONS

The testing discussed in this paper shows thahisest arcs are
possible at 208V even at relatively low fault cuatee but are
dependent on several factors including voltageatians, conductor
material, the configuration of conductors and thespnce of
insulating barriers. The challenge to industry ds advance the
research identified in the references, do additideating on a
variety of low voltage equipment and incorporatesthfindings into
improved standards. These test strategies mustdeoredl practical
locations within the equipment where arcs may acwithin all
equipment is the possibility for different electeoarientation.

Enhanced models for various equipment is essetttiahoving
forward and improving incident energy predictionsyork
procedures and effective mitigation actions. Thet t®nfigurations
discussed may require new equations in the IEEE 1&8ndard.
The work of the IEEE/NFPA Collaboration on Arc Faklazard
Phenomena Research Project remains critical tonaiha the level
of protection against arc fault hazards.

An underlying tenet of electrical safety is thatigmnent is not in
an electrically safe condition until proven thaséfe. Exceptions in
standards for equipment rated 240V and below nemdbé
reconsidered. The uncertainty discussed in thigpapd elsewhere
[11], indicates revisions to these standards shimgldide clarity on
PPE requirements and minimum fault currents insteafd
transformer power ratings for any exclusion to #ash hazard
analysis requirements. It would be prudent to abersi208V
equipment as having potential arc flash hazardsnwierforming
hazard analyses for facilities. With an arc flaszdrd prediction for
this equipment, mitigation efforts and improved gtiGes can be
added to the electrical safety program. De-enargizquipment (0
cal/cnt and 0 volts) prior to work remains the best wayhasige
bets on workers’ health.
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