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ted Phase Bus System
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1 11119 p.m. on July 26, 2013, Calla-
Away Nuclear Plant operation techni-
cians performed the monthly swap-

over of the dual redundant isolated phase
bus (iso phase bus, or IPB) cooling fans. This
monthly procedure insures that the run time
between the redundant systems is equalized.
At 11:33 p.m., 14 minutes after the swap
over, massive electrical faults caused pro-

tective relaying to initiate trip signals to the <.

switchyard main generator output bre

e,
the unit auxiliary transformer feeder kcg-l_,(
ers, the 13.8 kV service busses, the

turbine. All four reactor coolant pu P
all three circulating water pumps tripped due’}’

to the momentary 13.8 kV busses undér:'leltJ /

ages. The reactor tripped from 1'09-p"e-r\cent
power as a result of the turbine/g nerato}\fVL
Extensive damage to the pla phaaé-
at the iso phase tap point f’ﬁf the it aux-
iliary transformer an t‘the nizin_generator
neutral connection ha Noccurted.

At 11:37 p.m.,, t’flre brigade was

dispatched in reac > a smoke condition
permeating throughou e turbine build-
ing coming from a cable’s burning insula-

tion and a nearly oil collection pan fire.

At 11:49 p. r‘ﬁ!\}(tbe shift manager declared
an Unusual_Event- and began the process
of making/apprapriate notifications. Plant
opergtors icontinued their event response to
the, ,eactor\'tr__ip-b;.émploymg the prescribed
rgenty and operating procedures.

12:56 a.m. on July 27, 2013, a signifi-
ter leak was identified at the conden-
sate polishers due to a rupture disk failure
creating flooding in the turbine building.
Reactor operators isolated all the condensate
polishers from the control room. A report
from the field identified one to two feet of
water in the condensate pump pit.

At 1:01 pm., the control room operators
notified the NRC of the closeout of the “Un-
usual Event.”

Workers at the Callaway Plant assembled
a forced outage response team to manage
assessment, repair, and establish recovery ac-
tivities related to the event. The root cause
team defined an area to sequester all dam-
aged parts for evidence while establishing the
scope and parameters necessary to ensure that
obtaining evidence, pictures, assessments and
inspections needed for the root cause analysis
were exhaustive and implemented.

The plant’s sub-system that was damaged by

A WRKER |NSPECTS THE FAULTED ]SOLATED PHASE
generator field circuit breaker and the main” "‘T;NP PHOTOS COURTESY AMEREN MISSOURIL.

the event was the main generatorIPB, system
which includes all its sp 'mx@harif’m .bus
and the main generato connection
ighway that
transports the plant’s hig perage electri-
cal power from the plant’s maiirgénerator to
the main step-up (GSU) transformer. The
IPB system operates,at.medium voltage levels
transporting 33, 006‘ s of current when
operating at full m Cower amperage iso-
phase tap conngétions to the main iso phase
bus prov, T to}) e plant’s auxiliary
transfonégf a %On transformer. Iso
phase b ys syyfgrns are normally static, robust,
low in"maiténance requirements and highly
reliable. In where power plants generate
output currents4round or exceeding 20,000

\1 Callaway’s cooling skid heat exchanger

amps, it is common to employ forced cooling
for the iso phase conductor. This forced cool-
ing creates a composite system less static than
their self-cooled counterparts. Forced cooled
iso phase bus duct systems incorporate large
heat exchangers (often water cooled, forced
air) to remove the heat associated with the
I2R losses from the large currents flowing in
the IPB system. Fully redundant fans, cool-
ing coils and associated dampers mak%\q{p the
cooling skid assembly, providing-100 erqsnt
mechanical backup agams{"faﬂure U;%Enn
periods of scheduled maintenance: &, 2?
Chilled forced air from‘/th'e _gooTe«rjenters
the “B” phase of the iso phase duct and
splits so as to b1—d1rect101{:ajl ow toward the
main generator te box towards the
main GSU tra 'formers -A1{ crossover ple-
nums can be lo¢dted at each d-of-run point
to allow the "B”p‘he_l_s_e cool r to split and re-
turn the airflow ‘E‘O—.tﬁ?’ lers’ suction side
through the IPB’s A and C phases. The re-
turning air then passes over the water-cooled
heat exchanger.te._remove the absorbed heat

and moisﬂ'\d.re. Th}?\fb@ process starts anew.
|
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assemblies employ so-called “back-draft”
dampers located on the fan discharge. One
of the back-draft damper blades had broken
free and entered the “B” phase of the iso
phase bus duct. As the blade flew through
the IPB’s “B” phase, it caused repeated short
lived phase-to-ground electrical faults. Ul-
timately, the condition cascaded into a mas-
sive electrical fault of 180,000 amps rms at
both the IPB seal off bushing for the auxil-
iary transformer’s “B” phase tap as well as at
the main generator neutral connection box.
This final massive short circuit led to a tur-
bine/generator and reactor trip.

The damper blade breaking free was
problematic enough, but a single fault to
ground should not initiate such a response
in iso phase bus. What happened?



To assist in assessing the damage and then
emergency fabricate the iso phase bus and its
ancillary components, Callaway’s forced out-
age response team reached out to Crown Elec-
tric Eng. & Mfg. LLC of Middletown, Ohio, a

company rooted in the old Westinghouse, iso <.

phase bus plant in Cincinnati. Crown
tric had previously assisted Callaway, and.the

team knew that Crown Electric possesség.a-_
. . L. . . _ Lt e
full on-site services division offering direct "~

user support that is tied back to its e gineer-
ing and IPB manufacturing capabilitiess, )
e /
—— -
Results of Root Cause Evalugitior.”,

The root cause evaluation wia perf()\i' ed
using multiple techniques. otensic e¥am-
ination of the failed componeits wasmade to
determine the sequenge of failuresand the po-
tential physical cau E{{ Ij‘p}ailed\‘i'fﬁpections
were performed tl]zéq__ hodt'the iso phase bus
ducts for additiona[}u'\;éce to support or re-
fute various theories. Photographic evidence
was combined with design drawings to allow
the team to draW conclusions based on the
positions of e ent and the damage that
was caused by the ’e‘vEr_rS, A fault tree analysis
was comp],é"f 'd'it‘kgatermine the most likely
causgs of ﬂf mechdnical failures of the iso-
phase’ COOl\éfs:’[_)ﬂ Kdraft dampers, the main
rataf deutral connection box, and the “B”

sé bus duct above the unit auxiliary
transfertner. The extensive damage at each
failure location rendered definitive conclu-
sions about the exact failure modes impossi-
ble. Therefore, all potential causes were un-
covered and corrective actions chosen in such
manners as to address them in their entirety.

Organizational and programmatic factors
that led up to the failure that caused the unit
trip were conducted via a review of the his-
tory of the operation of the iso-phase cooling
system and the main generator neutral con-
nection box.

Since the plant’s original construction, the
air flow rates from the iso-phase cooling fans
were higher than the design ratings of the iso-
phase cooler backdraft dampers. The elevat-
ed flow rates through the backdraft dampers
increased the risk of damper failure. Calla-
way Engineering believes backdraft dampers
should have a more robust design for this
intended application. One example of the

-

damper’s weak link wa
ing clips served as bushings
tion of the damper hﬁf&&«\\

Back in Januar}(i?QQS, flsw rates were
estimated to.-be-as_high- as 40,000 cfm.
Air flow gﬁ?ﬁr?' s were taken in May
2007 and,found to be 34,000 cfm. More
accurate data on the/ specifics of the sys-
tem’s operatioi -wi have likely pointed
to the need for corrective actions to be tak-
en in a more timely fashion.
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pass over the baffles giving up their charge to
the ground plane. Callaway’s design placed
a smaller version of this functional device
between the generator output bushing's en-
closure and the neutral bushing enclosure.
The effectiveness of this de-ionizing screen
is considered to have been compromised due
to inappropriate painting).
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The air ﬂov{"{change caused during the
monthly swappipyg. of th%?gns carried the
thrown damper —intd a position that
caused arcing in the “B” phase of the IPB. The
flying dampﬁr_ blade is suspected of intermit-
tently causjng-short duration arcing, pitting
and damdgde as it)fvas, blown around the iso
phase ducturisg a)14-minute operational
perioﬁ{lzg"cjﬁ_g, pitting and associated dam-
age was fou?ra:periodically through a 40-foot

l:‘igfgff_the iso phase bus work. An oscil-

Callaway Engineering considers a numbqrz\flééfaphy rom the 311/G generator protection

of initial plant parameters could have had.

larger safety margins designed into sub-sys-

felay “captured one neutral voltage spike of
'“1%‘.‘_1nkV. This fault then clears itself as evi-

tems, including those within the main genf_"ﬂeg\lgeﬁ'by the VN voltage dropping back to

erator neutral connection box. These inch{((e
increased air gaps, creep distance on the néi~
tral grounding cable, providing a groumded
shield on the neutral grounding c Ee{, fer-
rous conduit parts, and removal of any,sharp
corners and exposed bolt ends which~sau
contribute to the generation of é‘:“'ci'f_bn_z_ah‘ Ad-
ditionally, the de-ionizin ,sc-ré‘ﬁn Fﬂte:ﬁ-,that
was installed between geneyator output
bushing enclosure and léé{l; | connection
box was painted, eliminatingitseffectiveness.
These collective factors produceéd gonditions
that were more likely.to create an electrical
fault if the neutral gopnection box was ever
challenged by a high "Vcslta-gg potential.
(*Forced cool ‘g-pﬁ'ﬁsé’ bus systems in-
clude a sub—assl bly wn as de-ionizing
baffles. ion i'q&kz?;fes are large stacks
of thin dluminym ‘meta] plates spaced about
an in '.g\;_)arp':tﬁat allow the forced air to flow
ir~darge accumulative surface area.
fles are grounded so that any
ionized air molecules in the cooling air stream

Y

-—Felgy lockout. Neutral bus currents during

\

e

z e" The last momentary arc was caught in
the /pre-fault data initiated by the protection

these initial faults were limited to 12.8 Amps
through the neutral grounding transformer.
The dislodged damper blade that flew and
arced along the IPB vaporized along its tra-
jectory. Clouds of ionized gas and metal va-
por - think comet tails - are winging through
the IPB system, completing a round trip ev-
ery 13.5 seconds. Over time this metal vapor
cloud, in part, collects on the cool porcelain
surfaces of both the “B” phase iso-phase seal
off bushing for the unit-auxiliary transformer
and at the main generator neutral connection
box. These locations present cooler surfaces
and are both points in the air stream system
which are deadened zones not seeing full
forced air flow. It is noted that there are no
de-ionizers in the flow path between the arc-
ing location and the unit auxiliary transform-
er connection location. Further, the neutral
connection box under the generator had com-
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promised de-ionizing baffles, which, even
when new, were never designed to handle
anything more than typical IPB system cre-
ated ionization loads. They certainly were
not designed for the amount of ionization
created by electrical arcing of foreign ma-
terial such as that developed by a dislodged
and vaporizing damper blade.

—

Oscillography offers v‘e‘;{iication of the
iso phase bus se-B intermittently going
to ground. THi s most likely due to the

continued mevement of the arcing damper
blade resul rfg_iﬁﬁ}dltional gas cloud gener-

ationyand patentia resulting in blowing an
ar 'wn'ﬁks?hl work.
/Nt sorhé point, the damper blade lodged
F-tap pocket of the seal-off bushing
for the "B’ phase IPB connection to the unit
auxiliary trénsformer. The damper blade is
now easily jumping out the bushings line to
ground integrity. The compromised main
generator neutral (in the neutral connection
box) and the unit auxiliary T-tap are both
co-faulting directly to ground. This ground
loop completely bypasses the generator neu-
tral resistor connection resulting in a solid
line to ground fault on the generator 220 kA.
These massive electrical fault currents
generated a subsequent devastating blowout
pressure wave at both fault locations. The

SN
. —ah
. e \“:\
post-event inspectic 5 B

of the resultant dam

P R T T I ST
e e e e e e,
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at the generator negtral-l3 g
connection box and*tnit

auxiliary  transformers..

tap bus cofrfectio

N ;
eye opening. Not surpiis-

ing, the préssure waves/in-

duced catastrophic failtire
of both sets OE backdraft

dampers. Multiple blades
slodged; some well

were ,}1’
bent/inwards fowards the
fan f:ui‘EL_soryg' simply fell

into-thefenafterbreaking | [ERENEERE [52

A

{t -f.-\'Féfgs.,of the blades in -
L3

i . .
duct were found with minor arc burns

~ fromi having gone down the duct towards

‘H}enerator while it was spinning to rest

_and"still providing some fault current. Two
-of these blades worked their way across the

duct work and landed down the outlet of the

 off-line fan. Multiple off-line damper blades

were found bent in, but none were ejected
into the bus ductwork.

At this point, the event is effectively over.
As the turbine/generator winds down, the
fault is no longer fed. The damper blades
settled into their as-found locations with no
more damage created.

The electrical faults that occurred result-
ed in a turbine/generator trip and a reactor
trip. Such an event had the potential to chal-
lenge systems important to safety. The re-
actor trip was classified as “uncomplicated”

and all safety systems performed properly. <of tlie

Repair or replacement of multiple damagec
components associated with the secondary-
side of the plant was required prior to the

Z"'a'

iso phase bus with all its support insylators
was completely cleaned. Filters were re agsd i
bus insulators, bushings, d4i ers, @ ion-
izers were provided and replacéd-ﬁ’g_ﬂecessa}%
New backdraft dampers withmodifted catc

screens were installed. Flpw testing in the
system was performed. The seal-of bushings
were cleaned or r zce:d:a(@"t d. The iso

phase bus was tlgn Hi—Pot¢$§ted.

i

A Flawed Deferb L

The inspection&‘ﬁ_r' re intended as a
barrier to identify blade degradation prior
to failure of-the iso phase cooler backdraft
dampers weére notsufficient to prevent back-
draft darhpers 1%5 sheing ejected into the
B iso phase ct) The inspections were
perfqt,"m-éé-w:izh g Horescope and could not
see griough defail to accurately identify wear
ponents that were most likely to
fail~. Forsome of the potential backdraft
ampes failure modes, it would be improb-
ble-that there would be visible indications

safe restart of the reactor on August IJG;th\t\EbEId be used to predict failures.

2013. No one was injured as a result of tle

electrical faults and subsequent plant event> _
The Callaway incidence response..-team
with Crown Electric inspected the iﬁi)hasé.ﬁ\1
To-},

bus to determine the extent of damage,
gether, Crown Electric and Callaway detailed”’
dimensions for all failed comﬁ.(:;'ﬁ:&n_‘i parts
and/or verified them fro e-xisiing a‘m‘,«z_i;ngs.
Crown Electric produce, ement neu-
tral bushing enclosuret.the meutral copper,
flex braids, replacement atx-transformer tap
bus and ancillary parts all in a?é?v\-:aays, ship-
ping serially as produ?t}on was complete.
Each bus was thogoyghly inspected and all
identified foreign ma"ctﬁhl{vas removed. The

—_po{ver station. Iso phase should be inspected

Jjo phase bus is about the most rugged, re-
li

e electrical sub-system to be found in any

regularly enough to insure insulator integrity
and proper torque values of any bolted con-
nections from bushings to flex braids. Bus and
insulators should be cleaned on an appropriate
schedule for that specific location to protect
its voltage withstand capabilities. In the case
of forced cooled IPB, it should be remembered
that even though these coolers are attached to
an IPB system, they are and should fall under
the same general maintenance schedule and
replacement schedule as any large motor, fan
or cooler in the power station. (D@
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