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EXECUTIVE SUMMARY

This study evaluates the impact on fire risk of the decision to replace
mingral of1 with Askare]l as the cooling and insulating fluid for
electrica) equipment. [t compares the frequencies of acute injurfes and
fatalities arising from operating a mineral oil transformer to those from
operating an Askarel transformer. The term Askare) refers to &

broad class of fire resistant synthetic chlorinated hydrocarbons

used as dielectric fluids. For the purposes of this study, Askarel

is defined as a mixture containing 50% Aroclor 1254, a polychlorinated
bipheny)! (PCB), and S0% 1,2,4 trichlorobenzens.

In the evaluatfon of the fire risk for the two types of transformer
fluid, two separate cases are considered. Case 1 describes a l-hour fire
rated trangformer room in 2 general-use area of a public-use building.
Case 2 describes g J-hour fire rated transformer room in the
nonpublic-use basement of a building. These two cases describe typical
{nstailations of Askarel and minera) ol transformers.

The results show a significant decrease in fire risk when a minera) of)
transformer 13 replaced by an Askarel transformer. [n case 1, the mman
frequency of transformer fires that spread beyond the room of arigin is a
factor of 300 smaller for Askarel compared with aineral ofl

transformers, For case 2, the reduction i3 even larger--a factor of
1,000. This demonstrates that the risk from mineral ofl transformers is
much greater than that from Askarel transformers, since a fire that
spreads beyond the transformar room is of more concern than one contained
within the room. Also, historical data show that there is a greatar
ch:n'cc of multiple fatalities when a fire spreads beyond its room of
origin.

An important factor contributing to Askarel transfarmer fires s the
presence of trichlorobenzene. [f an Askare) transformer did not contatin
trichlorsbenzene, fts fire frequency would be significantly smaller,
This 1s because trichlorobenzene has a flash point of 39°C, whereas PCE
(Aroclor 1254} does not have a flash point up to 1ts boiling paint
(greater than 350°C). In other words, the use of trichiorabenzene as a
blending fluid reduces the fire resistance of the resulting Askarel
mixture.

This study estimates that about 1 1n 1,000 of all fires confined to the
transformer room would involve at least one fatality. For fires
spreading beyond the transformer room, about 1 in 100 was estimates to
result 1n fatalities, Based on these values and the frequencies of
within-room and beyond room fires estimated in the study, the fatality
risks from Askarel and minera) of! transformers are compered. For

case 1, the mean frequency of fires favolving one or more fatalfties (s
found to be a factor of § lower for Askarel transformers than for mineral
o!). The reduction in case 2 is comparable--a factor of 4. [n both
cases, room fires were the dominant contributors to the fatality risk
from Askarel transformers. Fires that spread beyond the transformer room
were the dominant contributors to the risk from mineral of)
transformers. In all cases, transformer rupture was the dominant causs
of the fajury or fatality fires.

Y
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in surmary, this study shows that there is a significant decrease n fire
risk when mineral oil transformers gre replaced by Askare! transformers.
Conversely, replacing Askarel with mineral of) would fnvolve a sigmificant
increase in transformer fire risk. The risk of conversion from Askare!
to minera! ofl s most significant for nonvault-transformer instaliatfons.
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1. INTRODUCTION

In the 1930s, polychlorinated biphenyls (PCB) were introduced by the
electrical industry as nonflammgble electrical insulating and cooling
flyids called Askarels. The primary goal was to replace the minera) oil
10 Yiguidefilled transformers in installations where a fire could lead to
public Mjur{ or excessive property damage. Since Askare! transformers
were typiCally more ugonsin than mineral ofl trensformers, they were
used mainly for special applications, such as ingide office buildings, in
underground mines, etC. The trade name Askare! dgnoted a mixture of
chlorobiphenyls, chlorobenzenes, and stabilizers, (Askare) properties
and mixtures are discusted in documents such as References . and 2.)

The combined flame resistant and excellent dielectric properties of
Askarels led to their widespread use in other electrical equipment as
weli. They were the primary fluid in a1) capacitors and were used in
special-use motars, magnets, switches, circuit breskers, underground
cadbles, and voltage reguiators. They were a1so used 1n nonelectrica)
equipment where the risk of fire was significant; e.g., as a flame
resistant hydraulic fluid and heat exchanger fluid,

[n spite of the diverse and widaspread applications of Askarel, its
manufacture was banned in May 1979 because of PCB's environmenta)
persistence. As they fail or reach the end of their useful 1ifs,
equipment {tems using Askarel are decreasing in number. Also, many
Askare) transformers have besn systematically emptied of Askarsl and
refilled with mineral of1, New types of dfelectric flutds that may
replace Askarels and minera) ol are being tested for their flammabilfty
(References 3 and 4), dielectric, cooling, and health and environmental
characteristics. Equipment design is also being changed to accorwodate
other media, such as gases, for cooling and insulating,

In the 1930s, the decision to replace mineral of1 with Askarels was based
on & qualitative understanding of risk and risk reduction. I[n this
study, we investigate the actual change in fire risk. That is, we
evaluate the difference in fire risk betwsen Askarel-filled and mineral
o1l-fi11ed transformers. The selected damsge indices are acute
fatalities and acute injuries caused directly by transformer fires. Risk
is expressed i{n terms of the 'tkelthaod {frequency) per transformer year
of a fire causing at least one fatalfty or injury. For example, the
frequency per year of fires causing at least one fatality from an
operating mineral oil-filled transformer for 1 year 1s compared with the
corresponding frequency for operating an Askarel-filled transformer.

Because Of the sparsity of the available information, 1t became clear
that the 1ikelihood of injury or fatality cannot be established dy
statistical analysis alone. Therefore, two site specific case studies
were performed. One site has the characteristics of a typical
Askarel-filled transformer installation. An Askarel-filled transformar
and a mineral o) transformer at that installation are compared. The
Second cdse stydy involves an installation typical of mineral oil-filled
transformers, As in case 1, an Askarel-fi11led transformer and a minera)
oi1 transformer at the same {nstallation are compared.
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In this study, the sudbject of uncertainty and its propagation through to
tne final results s given special attention. The Bayesian
{subjectivist) school of thought 1s adopted (References 5 and 6).
Uncertafinties are always expressed by probability distributions (efther
discrete probabflity distributions or density functions). To minimize
the confusfon arising from semantics, we have adopted the definitions
suggested in Reference §. The word “probability” 1s used &s 3 measure cof
our state of confidence. For rates of occurrence and fractions, the word

“frequency” 13 used.




2. TECHNICAL SUMMARY

The approach to performing this comparative risk study involves modeling
events and the 1ike!ihood that they will lead to a given level of risk,
Two initlating events resulting in a fire are chosen: (1) transformer
fluid leakage, and {2) transformer rupture. (Note that not all leaks and
ruptures lead to fires.)

The barriers that 1imit the effects of these initiating events are the
boundaries of the room where the transformer {s installed, the fire
prctection system in the room, etc. These barriers are modeled by an
event tree. An event tree is simply a graphic representation of
potential sequences of events. For example, one possible sequence is a
leak that leads to a fire during which the room boundary stays intact.
In that sequence, fire propagation to an adjacent room is impossidble
beCause the room boundary 1s not breiched.

To 1ink event sequences with consequences, the sequences are categorized
by what we call "damage states.” Those sequences not leading to fire
propagation into an adjacent room are categorized as "room fires” (f.e.,
fires confined to the room of origin}. Those sequences leading to fire
propagation 1nto adjacent rooms are categorized as “beyond room fires,”
f.e., fires propagated beyond the room of origin. This categorization fs
convenient because the statistical data on injuries and fatalities can be
fdentically categorized. The conditional frequency of observing one or
more injuries or fatalities given a fire in each category can therefore
be easily estadlished.

2.1 CASE 1 - A TRANSFORMER WITHOUT A YAULT

The base case for case 1 1s an Askarel-filled transformer instailed in a
medium-sized, publfc-use building. The tnstallation characteristics for
this case are typical of Askarsl units, which mears that the transformer
is not in a vault and 1s located on a general-use floor. The alternate
case is & mineral ofl-filled transformer with {dentical specifications
installed in place of the Askarel transforwer without any other changes
to the installation or the room.

The transformer 1s assumed %0 be 1n & dedicated room on a general-use
floor. The combustible loading and the use of the floor are similar to
an office bufiding. For example, the corridor outside the transformer
room 13 assumed t0 be carpeted and may contdin combustibles such as paper
and plastics. The walls of the transformer room are made of plaster,
have no windows, and are rated as l-hour fire walls. There is only one
door {of the ssme fire rating) that opens into the adjacent corridor.
The walls are covered by mineral tiles on the inside to reduce the
transmission of transformer noise 1nto the corridor. Ventilatfon 1s
provided by fans and openings that lead directly to the outside air.
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Special precautions are taken to prevent the storage of Comdustidles negr
the transformer. TO control any transformer fluid Yeaks, a curb ts
provided around the transformer with at ieast a 4-inch 11p and 3 feet of
clearance on all sides. A wet-type sprinkler system is instalied above
the transformer. The temperature setting of the heids is of ordinary
clagsification, which ranges from 135°F to 170°F (§7°C to 77%C).

Under normal conditions, no one enters this room except for occasiona)
visits by maintenance personnel. (Ooors are normally locked and only
mai1ntenince and security personnel have the keys.

for the base case, the 1iquid of the transformer 4s assumed to be
Askarel. A typica) mixture is S0% (by weight) Aroclor 1254 {a PCB} and
50% 1,2,4 trichlorobenzene. Askare) leaks would generally be noticed by
naintenance personnel. Leaked PCB® and trichiorobenzene mixture would not
ignite because external heat fluxes of several watts per c# are needes
to sustain combustion in PCB, and the flash point and auto fgnition point
of 1,2,4 trichlorobenzene are about 39°C and 571°C, respectively.

The flash point of the Askarel mixture is 110°C. [gnition sources,

heat sources, and hot surfaces are not present near leaking transformers
or inside the curbs containing the leaking fluid. Thus, severe accident
sequences in{tiated from leaks are taken %0 have i1 very low freguency
and, therefore, make only negligible contridbutions to risk.

Violent rupture of the transformer casing may occur due to rapid faults
{an arc) in the transformer windings that are imeersed in the Askare).
The cause is typically deterioration of the insulation between windings
coupled with a rapid increase in the 1ine voltage. [n all four Askarel
transformer ruptures known to the authors, dense smoke has been
reported. Therefore, 1t is assumed that at every rupture incident, some
combustion of the flammable Askarel component, trichlorobenzene. and
nearby transient combystibles, will take place.

For rupture of an Askarel transformer in an unvaulted room, the
frequencies of injuries and fatalities are dominated by room fires. For
injuries, 99% of the mean frequency s from room fires. For fatalities,
the corresponding figure is 58%. The dominant contributor to raom fires
in this case 1s fires that do not fail the room boundaries (rather than
fires that do fail the room boundaries but fail to propagate beyond tne
room). The reason for this is that room boundary failure from Askare!
transformer fires 1s highly unlikely.

Room boundary failure depends on the impact of pressure waves or
nissiles on the walls and door, or heat iapingement on the walls from
burning Askarel. Oetonation {an explosion where the flame front
propagates supersonically and can create 1 strong pressyre wave) 1s not
Judgad to be possible, because PCE vapor does not burn easfly and

1,2,4 trichiorobenzene has a narrow flammability range (2.5% to 6.6%)
Deflagration {(an explosfon where the flame front propagates subsonical'y
and the resulting pressure wave is weaker than that of a detonation) wav
take place {n the 1,2,4 trichiorobentene vapor if the vapor temperaturs
1s wall above 99°C and an fginition source is present, but the pressure
1ncrease during deflagration is generally smali, Thus, only under
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extreme conditions (such as very high arc energy, the source of

transformer rupture) is the combustion of the trichiorobenzene expected
t0 pose & threat to the integrity of the room boundaries.

1f deflagration does not occur, the sudden release of pressurized gas
from the transformer may lead to & pressure puise. The room volume 1
assumed to be 20 x 20 x B = 3,200 ft3, and the air_space above the
transformer fluid can only range from 0.5 to 10 ft3 depending on the
si1ze of the transformer. Thus, an {ncrease of 1 psig at the walls
requires a 320 to 6,250-psig increase in the tank at the time of
rupture. Such i pressure rise {s very unlikely. Also, the transformer
tank would rupture well below that pressure, thereby mitigating the
pressure rise.

Ceﬂin? failure from the rupture s deemed to be very unlikely hecause
the celifng s assumed to ba made Of reinforced concrete and to be

6 inches thick. The ceiling can therefore withstand pressures well over
2 pstg, As discussed above, the 11kelihood of such pressures s very
small, Missiles mdy also be generated in some transformer ruptures. The
most 11kely missiles are the tank cover thrown in a vertical direction
and slugs of the transformer fluid. The ceiling may be damaged by the
transformer cover, but the impact 1s not expected to breach the ceiling.

Finaily, the prolonged fmpingement of combustion heat on the walls and
the ceiling may aiso tead to room boundary failure. Howaver, even if the
sprinklers do not work properly, the walls and the ceiling (which are
l=hour and 3<hour rated, respsctively) would contain the fire long enough
to allow for manual fire extinguishing efforts. Fire propagation to an
adjacent room given room boundary failure is not a likely event either.
Proionged impingement of the heat from trinsformer fire may ignite the
combustibles in the adjacent rooms 1f the fire {s not suppressed in about
3 half-hour. Overall, the smal)l 11kelihood of room boundary failure anc
fire propagation due to Askarel transformer ruptures in unvaulted rooms
ninimizes the 11kelihoad of Askarel fires propagating beyond the
transformer room, and therefore also minimizes the 1ikelihood of injuries
and fatalities.

The alternate case assumes 2 minera) ofl-filled transformer in place of
the Askarel transformer, The main differsnces are that (1) leakage of
nineral ol could lead to severs consequences, and (2) splattered miners}
o1l could catch fire. For fires invoiving mineral oil transformers
without vaults, the main contributors to the frequencies of iajuries and
fatalities (89% of the mean frequency of injuries and 51% of the mean
frequency of fatslities) are beyond room fires. The dominant
contributors to this damage stite are fires originating from transformer
ruptures, even though 1gn1tion of leaks is also possibie.

Fire propagation to an adjacent room given transformer rupture is judged
to be certain {f splattered mineral 0i) escapes the transformer room and
comes to rest on combustibles such as carpeting., The splattered fiuid 15
likely to be on fire because the temperature difference between the bulk
of the oi1 {about 100°C) and the ol fire point {(150°C) (s rather

small, and because the explosion may set some of the splattered fluid on
fire. The explosion itself is not deemed to be capable of igniting
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combustidies in adjacent rooms, and the sprinkler system above the
transformer is not expected to De of any benefit because the events take
place at a rapid pace. It should be noted that the assumption of s
carpeted hall does not necessarily introduce a bias in favor of Askarel
transformers, becduse burning mineral of! would ignite the many of the
materials typically found in a general-use area of a buflding, whereas
the temperature of splattered Askarel would be rather 1ow and very few
materfals would ignite at that temperature,

If mineral ofl does not splatter after the transformer ruptures, the
primary fire propagation mode is anticipated to be radiation from flames
inside the transformer room. Since this process 1s not rapiq, fire
suppression equipment such as the sprinkler system could extingyish the
fire prior to propagation. However, the 11kel{hood of fire propagstion
in this case 1s sti11 judged to be quite high,

The change in risk whan an Askarel transformer in an unvaulted -zom 1s
replaced by a mineral ofl transformer is significant. The mean
frequncy of fire related Injuries increases from once every

300,000 transformer years with Askirel to once every 70,000 transformer
years with mineral o1l (over a factor of 4 difference). Similarly, for
fire related fatalities, the mean frequency increases from once every
4,000,000 transformer years for Askarel to once every 700,000 transformer
years far minera) oil (almost a factor of 6 difference).

The use of 2 mineral oil transformer in an unvaulted room s allowed by
the National Electrical Code if a sprinkler system is installed in the
ared. Thus, the results of this analysis carry an important message-
under equal conditions, fire risk decreases significantly when a mineral
oi1 transformer is replaced by an Askarel transformer.

2.2 CASE 2 - A TRANSFORMER WITH A VAULT

The base case of case 2 1s & minerel ofl transformer in a vault 1n the
basement of a large buflding. The alternate case is an Askare!
transformer with {dentical specifications. The main difference detween
case 1 and case 2 {s that 1n case 2 the walls and ceiling are built of
6=1nch concrete or 8-inch dbrick. The following assumptions describe the
vault and the transformer 1n detai) and are applicable to both the
mineral 041 and the Askarel transformers.

A single transformer is assumed to be located in a vault approximatel,
20 feet by 20 feet by 8 feet. The floor of the vault is sloped |, .:~1-:n
par foot to a sump 3 feet square and 2 feet 6 inches deep. The vaui: 3
assumed to have a dedtcated ventilation systeam, Tha air inlet 1¢
equipped with a fire damper, and the air outlet s equipped with Icuvers
to prevent the entrance of rain. The penetrations of the room 17c’..c
air ducts, conduits for electrical cables, and a self-closing, 3-no.r
rated fire door (5 feet by 8 feet), which {s normally locked closes "~=
vault i3 assumed to be equipped with an automatic sprinklar syste~ >
temperature setting of the heads is taken to be of ordinary
classification, which ranges detween 57°C and 77°C (135°F and 170 °
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For this case, the frequencies of injuries and fatalities are dominated
by beyond room fires. However, the contribution of room fires 1s
noticeable. For injuries, room fires contribute 1% of the mean
frequency; for fatalities, they contribute 25%. The contribution of
transformer ruypture 18 large, contributing 92% of the mean injury
frequency and 93% of the mean fatality frequency., The main reasons for
this are (1) the greater frequency of ruptures involving fires compared
with leaks involving fires, and (2) the much greater l:kelihood of vaylt

boundary faflure given a rupture as contrasted with givep a2 leak-1nduced
fire.

1f the mineral oil in the transformer of the base case is assumed to be
replaced by Askarel while keeping other conditions unchanged, any fluid
leaking out Of the tank can no longer be ignited. Therefore, Askarel
leaks do not require further evaluation. The mechanisms for vault
boundary failure from rupture of an Askare! transformer are the same as
those for room boundary failure 1n case 1. In this case, however, the
1ikelthood of fallure is much smaller because of the strength of the
vault boundary.

The pressure pulse from 3 deflagration has to be very strong {above

7 psig at the vault boundary) to fail a wall. Similarly, the release of
pressurized gas from the tank would have to involve a very large fnitial
pressure. This has been shown to be aimost impossible. Finally,
exposure of the walls to heat flux from combustion of transformer fluid
has to last much longer to fail the walls in this case than {n case |
because the walls are much thicker. From this comparison, we assess the
mgan frequency of vault boundary fai}urt after rupture of an Askarel
transformer to be only about 1 x 10-%. Secause of the relatively small
chance of vault boundary failure, the frequencies of injuries and
fatalities for vaulted Askare) transformers are totally dominated by room
fires that do not fail the vault boundaries.

Overall, we can confidently claim that the risk from fires would decredse
1f a mineral oil transformer in a vault were replaced by an Askarel
transformer. The mean frequency of fire related injuries would decrease
from once every 100,000 years for mineral oil transformers to once every
300,000 years for Askarel--a factor of 3 difference. Similarly, the mean
frequency of fire relatad fatalities would decrease from once every
1,000,000 years (minaral o0il) to once every 4,000,000 years (Askarel)--a
factor of & difference.
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3. D0IsCussion

Many assumptions and judgmentally evaiuated parametars are used 1n tnis
study. In this section, the sensitivity of the final results to these
assumptions and parameters is investigated.

The frequency of transformer fires was obtained from statistical data for

all transformers. The uncertainties about this frequency are rather

smal]l because the number of transformers is very iarge. The conditiona)
lTikelihood of a rupture given a fire was evaluated judgmentally ana ~as

?eomed to be greater than the conditional 1ikelihood of a leak given i
1re,

Two important assumptions were made at this stage. It was assumed tmat
(1) fires from Askarel transformers are almost solely from ruptures andg
{2) their total fire frequency 1S equal to the fire frequency from
rupture of mineral oil transformers. A more realistic risk comparisan
could be made if the fire frequency for Askarel transformers was
evaluated separately from relevant statistical evidence; however, tne
svidence required for this evaiuation is not readily available.

Room boundary failure frequencies for Askarel and mineral oil
transformers were evaluated primarily using judgment. For an Askare!
transformir, an explosion has to occur for room boundary failure to
result. An explosion is possible because the trichlorobenzene in tne
Askare) can be vaporized (boiling point 214 C) and 1gnited. PCB

would not contrityte to the explosion because 1ts boiling point is higner
{greater than 350 C), and {t does not have a flash point hefore

boiling. The 1ikelihaod of boundary failure for Askarel transformers
represents the 11kel1hood of an explosion severe enough to damage the
walls.

An important element of both the fire freguency and the boundary failure
frequency evaluation 1s the presence of trichlorobenzene. If an Askarel
that does not contain trichiorobenzene (e.g., pure Aroclor 1254) nhad teen
chosen for this case study, room boundary failure would have been very
uniikely. In addition, the frequency of transformer fires specific to
this fluld would have had to be quantified explicitly because of 1ts
highly flame resistant characteristics {high bofling point and flasn
point). This would have reduced the risk assessed for Askarel
transformers.

Room boundary fatlure in the case of mineral oil transformer rupture .as
judged to be very likely. This is because mineral ofl {s a reilativel,
flammable material, and it was judged that an explosion would occur up:-
transformer rupture. Tnis may be 2 conservative conclusion thougn
probably not an extreme one. A decraase in the likelihgod of an
explosion would decrease the estimated risk of mineral ofl transforters

In the case of mineral oil transformer rypture, the importance of room
fires to the final resylts increases as the likelihood of vault bounzar
failures decreases. If the likelthood of vault faflure {s further
reduced, the mineral oil risk results would move closer to the resul:s
for Askarel.
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the uncertainties in the fire propagation frequencies are not hignly
sensitive to the underlying assumptions. For example, in the case of
propagation to an adjacent room when room boundaries are hreached, the
important parameters are the heat flux and the ignition temperatures of
the materials in the adjacent room. In view of the large uncertainties
about the fire propagation frequencies, any reasonadle changes in the
vatues of the 1gnition temperatures and heat flux woyld not have a major
impact on the final results,

The conditiona) frequencies of injuries and fatalities given a room or
beyond room fire were evaluated using statistical evidence. The most
important assumption at this stage of the analysis was the compatibility
of the collected evidence with the aims of our case study. For beyond
room fires caused by unvaulted transformers, the evidence was judged to
be highly applicable because once a fire propagam beyond the room of
origin it does not matter how it originated. For room fires caused by
unvaulted transformers, the applicabiiity of the evidence for injuries
was judged to be good because one of the two data sources on injurtes nas
specific to indoor transformers. For fatalities from room fires, the
data may not be as good as those of the other damage indices, such as
injuries from beyond room fires. This was reflected by conservative
estimations and wide uncertainties.

The data on conditional {njury and fatality frequencies are less
applicable to vaulted transformers, because vaults are not typicaily
found in buildings. Also, the vault was not assumed to be located in 3
general-use area, so the occupants of the building would not be highly
exposed to the transformer fire consequences. This is especially trye
for transformer fires that are confined to the vault.

Oirect comparison of the results of the two case studies is not warranted
for two reasons. First, the sams conditional frequencies of injuries ang
fatalities were used in the two cases, even though in case 1 the rooms
adjacent to the transformer room are used by the general public, whereas
in case 2 only the buyilding matntenance and building management personne!
are typically present in the vicinity of the transformer vault. Second,
the models used to estimate the conditional frequencies of boundary
failure and fire propagation include many conservative assumptions., The
two case studies may involve differing degrees of conservatism, so that a
direct comparison may be misleading.

Extension of the final results to other situations is also rot
warranted. For example, the injury and fatality frequencies used here
are not applicable to transformers on poles near suburban homes or
transformers instalied outside buildings. Of the intermediate results,
only the initiating event frequencies and conditional injury and fatality
frequencies are applicable outside the two case studies.
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4. CONCLUSIONS

Having comparec the fire risks from mineral oi1 and Askarel transformers
in two case studies, let us now review the major conclusions of this
study.

The risk attributes chosen for the study were acute injuries and
fatalities. The two case studies bath involved sites in pudblic-use
buildings. Case 1 compares an Askare) and a minera) of) transformer at
an installation spectifically designed for Askare)l. For case 2, the site
(a vault in a basement) 1s specific to a mineral ofl transformer. The
major conclusions of the two case studies are as follows:

e For both cases, there is a significant decrease in fire risk when a
minera) of) transformer {s replaced by an Askare) trangformer 1n the
same installation. Conversely, there is a significant increase 1n
fire risk {f Askarel were to be replaced by mineral ofl.

¢ The mean frequency of transformer fires that spread beyond the room
of origin {s much less for Askarel transformers than for mineral o1}
transformers. The difference is a factor of 300 for the unvaulted
transformers of case |, and a factor of 1,000 for the vaulted
transformers of case 2. This demonstrates that the risk from mineral
of1 transformers is much greater than that from Askarel transformers,
since a fire that spreads beyond the transformer room is of more
concern than one contained within the room. In particular,
historical data show that there 1s 2 greater probability of multipie
fatalities when a fire spreads beyond its room of origin.

*  The risk of fires involving at least one fatality 1s significantly
smaller for Askarel transformers than for mineral of1 transformers.
The ¢ifference is a factor of 6 for case 1, and a factor of & for
case 2.

e The risk of fires fnvolving at least one injury is als-  jntficant),
smaller for Askarel than for mineral oil. The frequency .f fire
related injuries 1s g factor of 4 smaller in case L, and a factor of
3 smaller in case 2.

¢ Finally, the presence of trichlorobenzene is an important factor
contributing to the risk of Askarel transformer fires. The freque-:
of fires would be much smaller for Askarel transformers not
containing trichlorobenzene than for those that do. This {s because
trichlorobenzene has a relatively low flash point (only 99°C),
whereas PC8s do not have a flash point up to their botling point.
The S0/50 mixture of trichlorobenzene and PCB leads to an Askare!
with flash point of 110°C.
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00271060584 MON




5. OETAILS OF THE ANALYSIS

5.1 OBJECTIVE, DEFINITIONS, AND SCOPE

5.1.1 OBJECTIVE

The goal of this study is to evaluate the impact on fire risk of tne
decision to replace mineral o4l by Askarels as the cooling and insulat-ag
fluid for electrical equipment.

5.1.2 RISK ATTRIBUTES

In a risk analysis, the damage indices (or risk attributes) can be
sumerous. [n this case, fire can lead to property damage, fatalities,
injuries, and loss of production. Of these indices, we evaluiate only :he
fatalities and injuries caused directly by a transformer fire. Latent
effects (that is, fatalities or injuries that may take several years
after the fire incident to materialize) are not included in this study.

5.1,3 EQUIPMENT TYPE

Only minera) oi) and Askarel-filled transformers will be considered
because the goal of the study 1s to evaluate the fire risk 1mplications
of the decision to replace rmineral oil with Askarel. The term Agkarel
refers to a generic name for a broad class of fire-resistant synthetic
chlorinated hydrocarbons (such as PCBs) used as dielectric fluids. Therr
properties and mixtures are discussed in documents such as References .
and 2. 0Of the different transformer types, we concantrate on
distribution transformers because other types are mainly used in power
plants, switching stations, or other special industrial uses where there
are norsally few personnel present. Other equipment such as capacitors,
circuit breakers, switches, motors, magnets, and heat exchangers will r2:
be addressed. Except for the transformers and capacitors, all the other
Askarel-filled equipment types are used primarily for industrial
applications and are not typically installed close to public areas.

5.1.4 €RA OF THE STUDY

Ideally, to achieve the goa) of this study one should analyze the
transformer fire risk in the social and industrial environments of the
1930s when the decision to use PC8s was made. Mowever, specific
information regarding the characteristics of the transformers and the'-
installations {s not easily available from that era. Also unavailaoi:
are statistical data regarding the number of transformers operating a:
that time as well as the number of transformer fires, and the injuries
and fatalities resulting from those fires. However, good statistical
evidence has been available since the nid-1970s. Several reports have
been published estimating the number of transformers and the frequenc:
of fires, injuries, and fatalities. Therefore, the mast convemient -
for our analysis is the past few years. It i3 judged that the choice
this era is appropriate because of the available data and the fact :-:-
transformer design and installation characteristics have not change:

il
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drastically in the past few decades. Transformer design 1mprovements
have been in efficiency (less heat generation) and in tolerance to
overloads and shorts. There have also been improvements in the strenjth
of the tank that holds the insulating fluid.

5.1.5 SITE

From the available statistical data, one cannot reliably distinguish
between Askarel and mineral of1 transformer fires. The impact of th1s
deficiency can be reduced if the risk comparison {s performed for some
specific sites. Two sites are chosen for this study. The fire risk
comparison s done separately for each site by assuming that at the same
site there {3 an Askare)l transformer and a mineral oil transformer w#itn
identical design and installation characteristics. The first gite, wnizn
{s referred to as case 1, has the ingtallation characteristics of an
Askarel-filled transformer. [t is a transformer room in a public-use
buflding, with regular room boundaries of a 1-hour fire rating: the are:
outside the room is for general use by the building occupants. The
second site, which is referred to as case 2, has the installation
characteristics of a mineral ofl-filled transformer. [t 1s & transformer
vault in the basement of a public use building. However, outside the
vault, the floor 1s used for building service equipment and shops.

5.2 APPROACH

The approach to performing this comparative risk study involves the
mocdel ing of events and their 1ikelihood, thus leading to a guantitative
statement of risk. The central feature of the approach is to display the
uncertainties associated with the figures of merit, The figures of meri:
are the frequencies of gccurrence of different levels of damage. (n this
study, “demage” {s deaths and injuries. Prodbadility is employed to
express the confidence in those fregquencies. This concept is knawn as
the “probability of freguency” format, or the “probability and
consequences” approach to risk assessment (Reference 6). This approacn
1s extensively used in the very comprehensive risk assessments performed
for the nuclear industry,

For each of the two fluids (Askarel and mineral oill, risk curves can ve
developed for each of the risk attributes (acute fatalities and acute
tnjuries). Risk curves are actually families of curves, each with 1t
own probability. An example of such a family fs shown in Figure 5-1.
This “risk diagram” (Reference 6) is in the above-menticned "probabdiiiz,
of freguency® format. It consists of a family of curves, ¢p(xy),

with the parameter P befng the cumulative probability. To use tnis
diagram, we would, for example, enter with a specific value, xy, and
choose, say, the curve P « 0,95. The ordinate of this curve,

?.95(%¢), 1s then the 95th percentile frequency of xj. That is,

we are 95% confident that the frequency with which damage level x, cr
greater will occur is not larger than ¢ gsixq).

We can now draw a vertical line that cuts the family of curves at 2
specific damage level, xy, that may be of special interes-. The

12
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intersection of this l{ne with the family leads to the curve of ? versus
¢(xq), &s shown in Figure 5-1, This curve, which we call a "cut

curve,” expresses our state of knowledge abaut the frequency with »nich
events of level x{ or greater occur. These uncertainties are due to
uncertainties in the data and the models used.

In this study only, one cut curve is established for each damage fndex.
This cut curve 1s for one or more fatalities or injuries, To establish
complete risk curves, we had statistical data on the exact number of
1injuries and fatalities per fire incident. Our data sources indicate
only single fatality fires and a few multiple injury fires. Therefare,
the uncertainties in the multiple injury or fatality parts of the risk
curves will be very large and the differences among the different
fatality or injury levels will be dominated by the uncertainties.

Because of this and because of our fire propagation mode! (which 15
described below and considers only two cases--fires that are confines to
the room of origin, and fires that propagate beyond the room of arigqin),
the final results would not be very sensitive to the level of damage,
that is, the number of fatalities or injuries. Thus, the first-cut curve
would yield sufficient information for the risk comparison and the
evaluation of any additional cut curves 1s judged to be of Jittle benefr:,

To assess the effect on risk of the decision to change from mineral o3l
to Askarel means to compare the two curves for each risk index. There
are several ways in which such a comparison can be done. The simplest
way s to compare the average frequenty of one or more fatalities or
injuries. A much more detailed way is to compare the cut curves. For
the latter, based on the position, shape, and spread of the
distributions, we can determine whether there is a significant diffarence
in the frequency of a certain damage level of a certain risk attribute.
Both approaches are used in this study.

To establish the cut curves for the two site specific cases, a
three-point method graphically displayed by Figure 5-2 is used. in the
first part, the “initiating events” {i.e., events that create a
disturbance to an otherwise norwmal systnls are identified and their
frequencies are quantified. In the second part, “barriers” which tend >
linit the effects of the initiating event are i1dentified and analy:ze«.
Finally, the consequences (the extent of damage) of the accident
scenarios are assessed.

Two initiating events are chosen: (1} transformer fluid leakige that
leads to a fire, and (2) transformer rupture that leads to a fire. ~ne
types of disturbances that a transformer may experignce are numerous
{Reference 7) and are mostly of an electrical nature. A large portion >°
these disturbances may not ledd to & leak or rupture; those that may lexi
to either a leak or a rupture may also lead to a fire. [t should se
noted that our definition of the initiating events s very specific
because not all leaks or ruptures lead to a fire. The frequencies of *~»
fnitiating events are evaluated {n Appendix A.

The barriers that limit the effects of the transformer disturbances ars
the transfomar tank itself, the room boundaries where it fs installeq,
the fire protection system in the room, etc. The first barrier (2nal
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the tank) 1s already considered part of the initfating evenr. [ne
remaining barriers are modeled by an event tree. Figure =  snows 17
example from one of the cases. An event tree is simply a jrapnic
presentation of potentia) sequences of events. The events are geftnes :-
the top of the tree and there are four of them in Figure 5-3. For
example, one sequence of events i3 sequence 1 of Figure 5-3 where tns
initiating event is a leak that leads to a fire and the room boundary
stays {ntact. [n that seguence, the rupture point and propagation 0 :n
adjacent room {s ismaterial because the initiating event is not a rupture
and the room boundary is intact. The setond sequence on that tree also
starts with a Yeak and fire but the room boyndary is failed. Again, tne

rupture point {s {mmaterial but propagation to an adjacent room 15
certain.

To link the event sequences with the consequences, the sequences ara
categorized by what we call the “damage states.” The sequences ta® 30
not 1ead to fire propagat -on {nto an adjacent room are categorized as
“room fire" (confined to ‘e room of origin}. The sequences that lead to
fire propagation into the djacent rooms are categorized as beyond rcom
fire (propagated beyond t. . room of origin}. This categorization 's
convenient because the statistica) cata on injuries and fatalrties can 22
categorized 1dentically and the cond{tional frequency of one or more
injuries or fatalities given a fire of certain category can be
established.

5.3 CASE 1 - TRANSFORMER IN A REGULAR ROOM

The Dase case for case 1 1s an Askarel-filled transformer {nstalled n 3
public-use building, The installation characteristics are specific <3
Askare! type units, which means that the transformer room is not a vaui
and 1s on a floor for general use. The alternate case is a mineral
oll-filled transformer, with specifications identical to the Askare!l
unit, installed in place of the Askarel transformer without any otrer
changes to the installation or the rcom. The risks from these .o
installation types are evaluated separately. The general assumpt cns in4
definitions pertinent to both alternatives are given first,

5.3.1 GENERAL ASSUMPTIONS

The transformer 1s of distribution type and is liquid-filled usi~g
natural convection for dissipating the heat to the rodm environmer: Lt
power rating 1s taken to be 167 kVA. 8uilding transformers can ri--2
between 100 and 5,000 kVA depending on the size of the building ~-
range can be deduced from Reference 8 where the number of Askare
transformers (primarily used 1n populous areas) s tabulated by "o -
power rating. From Reference 8, 1t can be deduced that 661 of csci-=.
transformers are in the 100 to 5,000 kVA range. The average numoer ~-
gallons of dielectric fluid for transformers in the 101 to 50C «.% -'--2
{s 183 for Askare] transformers and 117 for mineral ofl transfor—e--
{Reference 3). The power rating of the transformer consideres <~ --
study 1s near the lower end of the above range and, therefore, -2
volume 1s expected to be lower than the average; it i{s taken %o :2

80 gallons. The .ransformer is Dox-shaped, measures 2 feet by 2 - -
and is 3 feet tail,
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The building 1s similar to an office building in terms of tre campuss ="
loading and use. Each floor has more than 10,000 square feet of ¢':zar
area. All the floors are divided into corridors, rooms of d1ffereas
sizes, elevator shafts, ventilation ducts, etc. The transformer rson +3
located in a general-use area. For example, the corridor outside rre
transformer room 1s assumed t0 be carpeted, occupied 1ike any ot»e-
corridor in the building, and may contain combystibles such as paner i~
plastics.

The transformer room measures 20 feet by 20 feet and 15 8 feet hign (ses
Figure 5-4), The walls are of plaster without windows and are rated is
f-hour fire walls. There is only one door {of the same fire rating) that
opens into the adjacent corridor. The walls are covered by minerai s1las
on the inside to reduce the transmission of transformer noise 1ntsy *ne
corridor. The ventilation for this room is providea by fans and s__~1~33
that directly cormsmunicate with the outside air.

Special precautions are taken to prevent storage of combustibles near ne
transformer. To control any transformer fluid ledks, a curb area 1s
provided under the transformer with at least a &=inch 1ip and 3 feer of
clearance on all sides. Thus, the curb area dimensions are B feet 5y

8.5 feet.

A wet-type sprinkler system is installed above the transformer and the
curbs around it. The temperature setting of the heads is of ordinary
classification {see Reference 3 for definition) which ranges from .35°¢
to 170°F {S2°C to 77°C).

The room also contains other electrical equipment such as switches,
breakers, and junctions in specia) electrical cabinats. The electr-cal
cables to and from the transformers or other electrical equipment 14 tne
ro?T‘are generslly inside conduits (metal tubes) Installed close t3 =-e
cetling.

Under normal conditions, no one entars this room except for occasional
visits by maintanance personnel, Qoors are normally locked and 3nly
maintenance and security personnel have the keys. The inspection
frequency {s judged to range between once a week and twice a day.

In the following sections, 1t will be seen that the final resul:s i1 e
highly sensitive to only a few of these assumptions. Because of 1 _-reyr
rated plaster wall, in the case of mineral oi) transformer rupture f:ra
propsgation to an adjacent room is very likely. Because of 6-inrcr =myox
reinforced concrete construction, propagation of transformer fire rrnyjn
the cetling to the floor above is deemed to be very unlikely for 1 *
scenarios considered in this case study. The sprinkler system 1 *-a
room aliows for rapid suppression of fires and reduces the likel:=c:: of
their propagation to the agjacent rooms. The curd dimensions is
important to minera) of) fires from a ledking transformer. [t -~7" . :-ces
the severity of potential fires involving ofl collected 1n the :.-:

The detalls of risk calculations for the two transformer types i-> .21
in Sections 5.3.2a and 5.3.2b. To faciiitate their comparison. --»
format of this report is altered and the two sections are prese-- 2
by side.

18
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FIGURE 5-5.

THE ASKAREL TRANSFORMER

EVENT TREE FOR THE BASE CASE OF CASE 1,

FIGURE 5-6.

EVENT TREE FOR THE ALTERNATE CASE,

THE MINERAL OIL TRANSFORMER OF CASE 1
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§.3.3 CASE ! RISK COMPARLSON

The change in risk when an Askarel transformer fs replaced by a minera)
011 transformer is evident from the frequencies of Tables 5-3 and 5-4.
For direct comparison between base cCase and alternate case results, these
frequencies are repeated in Tables 5-5 {(for injuries) and 5-6 (for
fatalitres), More percenti{lss are given in these tables than in

Tables 5-3 and S-4.,

Another way of showing the dffferences between the risks from the tweo
transformer types 1s gtven in Figure 5-7. The mean frequencies of
1njuries and fatalities can de put together in a 2 by 2 matrix form
(item C of Figure 5-7) where the rows represent transformer type and
columns represent risk attributes {injuries and fatalities). [t can 3e
shown that this matrix can be abtained by muitiplying together two

Z by 2 matrices. Matrix muitipiication is described below. In the first
one, the damege state frequencies are given where rows represent
transformer type and columns represent damage States (room and deyond
room). In the second matrix, the condftional fregqueacies of injuries and
fatalities are given where the rows represent damage states and columns
represent fnjuries and fatalities.

To explain matrix multiplication, start with item C of Figure 5-7. The
four elements of this table (or matrix in this case} are the results of
the four equations given in Sections 5.3.2s.2.2 and 5,3.20.2,2. Matrix
muitiplication follows the same equations. For axample, the mean
frequency of injuries from Askarel transformers is obtained from

2.0 x 107% x 1.6 x 102 + 4.6 x 10°7 x 8.8 x 10°2 = 3.2 x 10°5

Another example can be fatalities from mineral oil transformers. The
mean frequency is obtained from

1.0 x 10" x 1.2 x 103 ¢ 1.5 x 10-% x 8.8 x 10-3 » 1.8 x 106

This matrix representation of our risk calculations, as seen below,
facilitates the process of identifying the {mportant contributors. Also,
these matrices facilitata a sensitivity study of different tnput
parameters.

Table 5-5 shows that for {njuries, only & small portion of the two
prodadility distributions overlap and the Sth percentile of the mineral
811 aistribution is graater than the 35th percentile of the Askare)
distribytion. Thus, 1t can be claimed that che frequency of injuries
would a1mest certainly be increased {f an Askare) transformer {5 replaces
by a singral of1-f{lled one in a setup such as case | of this study.

For fatalities, the overlap of the two probadbility distributions [see
Table 5-6) is significant, The Sth percestile and median of the miners!
oil distridution are at the two sides of the median and 95th perceatiie
of the Askarel distribution. The two distributions do not intersect. °
establish the degree of overlap between the two distributions, the main
contributions to the uncertainties and dependencies among them must f:-s-
be established.
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TABLE 5-5.

ANNUAL OCCURRENCE RATES OF [NJURY

FIRES FROM TWO TYPES OF TRANSFORMERS, CASE 1

Frequency of Injury Fires Per
Transformer Year

percentile ]
Askare) Minera) 0t1 [
Sth 1.7 x 10-6 6.9 x [0=6 i
10th 2.0 x 1076 7.9 x {0°6 :
20th 2.3 x 10-6 9.5 1 10°0 |
30th 2.6 x 106 1.1 x 10°5 l
a0th 2.8 x 10°6 L2 x 105 |
50th 3.1 x 106 1.3 x 10-5 !
60th 3.4 x 10-6 1.5 x 10°5 I
70th 3.7 x 106 1.7 x 10°5 |
80th 4,1 x 10-6 1.9 x 10-5 !
90th 4.7 x 10°6 2.3 2 105 |

95th 5.2 x 106 2.6 x 10-5
Mean Value 3.2 x 10-6 1.4 x 10-5 J<
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TABLE 5-6. ANNUAL OCCURRENCE RATES OF FATALITY
FIRES FROM TWO TYPES OF TRANSFORMERS; CASE 1

Frequency of Fatality Fires Per_]

Percentile Transformer Year )
Askarel Minera) 0i1
Sth 8.6 x 10-10 1.7 x 1077
10th 9.3 x 10°? 2.5 x 1077
20th 9.6 x 10°8 4.0 x 1077
30th 1,2 x 10-7 5.6 x 10°7
40th 1.7 x 1077 7.5 x 1077

50th 2.3 x 1077 1.0 x 1076

60th 2.7 x 1077 1.2 x 1076 |

70th 3.3 x 1077 1.7 x 10-5 '

80th 3.9 x 1077 2,2 x 10-6 I
90th 4.8 x 1077 3.4 x 1076
95¢th 5.9 x 1077 4.3 x 1070
Mean Yalue 2.4 x 1077 1.4 x 10-6

3
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From Figure 5-7, ft is deduced that the frequency of fatalities for
Askare) transformers is dominated by room fires and for mineral ot!l
trans-ormers the frequency is dominated by beyond room fires. The
conditional frequency of fatalities from & room fire nas a wider
uncertainty range than the frequency of fatalities from a beyond room
fire. This partly explains the wider spread for the Askare!l
distribution. The dependency between these two conditiona) frequencies
15 Judged t0 be weak because the only relationship between the two
frequencies that can be identified is that the conditional frequency of
fatalities from a room fire is always less than the conditional frequency
from beyond room fire (fy am < f5 ang). This relationship holds

for the bulk of the d1str4bu:10as"or these two frequencies.

Moving back in the computation process, the uncertainties in the damage
state frequencie®s are investigated. Ln Section §.3.2a.2.1, 1t is found
that for Askarel-filled transformers

PpooM * R

and in Section 5.3.2b.2.1, tt ‘s found that for mineral oil=filled
transformers, 96% of the beyond room fire frequency is from sequences
originating by & rupture. Thus, there is & strong dependency between the
important parts of the two fatality curves. Howsver, the uncertaintfes
in rupture frequency (Ag) are much narrower than the uncertainties 10
the two conditional frequencies of fatalities (fr py and fr gpl.

In summary, to compare the two fatality dfstributions, three {mportant
points are made: (1) the twa cumulative probability distributions do not
intersect; (2) there is a weak dependency between the condft{ona!
frequencies of fatalities given room and beyond room fires (the two
{mportant parameters contributing to the uncertainties of these
cumslative curves); and (3) there is a strong dependency among the other
parameters (rupture frequency, Ar) contributing to the

uncertainties. From these, we can clafm with a high level of confidence
that the frequency of fatalities would decrease significantly 1f an
Askarel transformer replaces a transformer in & setup similar to case |
of this study.

In the discussions above it 1s observed that the mafn difference between
Askare) and mineral o1l transformer fires s {a the 1ikel{hoocd of
propagation beyand the transformer room. The two frequencies of beyond
room fires are compared 1n Table 5=7 for the two types of transformers.
From that table, we conclude that fires from mineral ofl transformers ars
(more than) 100 times more likely than fires from Askarel transformers ::
have & largs impact on the building (beyond the transformer room). In
spite of this large difference between the two types of transformers, the
injury and fatality frequencies {as can be seen in Figure 5-7) are not a3
widely apart. The reason for this reduction in the difference 1ies 1n
the differsaces betwesn the condi{tional frequencies of tajuries and
fatalities for room and beyond room fires (see ftem 8 of Figure 5.7).
Although the transformer rooms in bujldings are generally unattended ana
the general users (except for the maintenance Crew and the management of
the building) do not have access to these types of rooms, the conditfonal

8
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TABLE 5-7.

ANNUAL OCCURRENCE RATES OF FIRES
PROPAGATING BEYOND THE ROOM OF ORIGIMN
FROM TWO TYPES OF TRANSFORMERS: CASE 1

Frequency of Beyond Room |

Percentile Fires Per Transformer Year

Askarel Mineral 011 |

5th 1.1 x 10-9 7.4 x 10°5 |

10th 8.2 x 1079 9.0 x 10-5 :

20th 1.5 x 10-8 1.0 x 1074 |

30th 3.1 x 10-8 1.2 x 104 |
40th 5.9 x 10-8 1.3 x 10-4
50th 1.0 x 10°7 1.3 x 10=4
60th 1.6 x 10°7 1.5 x 10-4
70th 2.7 x 1077 1.7 x 10-4
80th 5.0 x 10°7 1.8 x 1074
90th 9.6 x 107 2.2 x 1074
95th 1.8 x 10-6 2.2 x 10-4
Mean Value 4.6 x 10-7 1.5 x 10-4
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frequencies of injuries and fatalities for room fires are significant
when compared to the same conditions) frequencies for beyond room fires
The applicability of these conditional frequencies to our case studies 5
discussed in Section 5.3.4,

5.3.4 SENSITIVITY OF THE RESULTS

Many assumptions and judgmentally evaluated parameters are ysed
throughout thts case study. In this section, the sensitivity of the
final results to these assumptions and parameters s envisioned. for
this, it s convenient to follow the sequences of the event trees of
Figures 5-5 and 56,

The tnittating event (1.e., leak teading to fire or rupture leading =2
fire) frequencies are obtained from (see Appendix A)

AR " ArirefR
AL *Afqpg (1-fR)

where Agipq 18 the frequency of trinsformer fires. It was obtained
from statistical data for mineral ot transformers. f, 15 the
conditiona) frequency of a rupture causing a fire that is obtained from
judgment. The uncertainties in transformer fire frequency (Afjpe)

are rather smal) because 1t is assumed that a!)! transformers behave
tdentically and thus the sampling set 1 very large {strong statistical
evidence Yeads to a narrow uncertainty range). In evaluating the
conditional frequency of a rupture causing & fire (fp), 1t 1s concluges
that the 1ikelihood of a rupture given & fire is greater than the
1{kelihood of a leak leading to a fire.

Two toportant assumptions have been made at this stage. 1t is assumed
that (1) fires from Askare) transformers are almost solely from ruptures,
and (2) their fire frequency is equal to the fire frequency from rupture
of mineral o1l transformers. [f these assumptions are true but f3 1s
overestimated, it can be shown that for smaller fp the risk from

Askare) transformars (that 1s, injury and fatality frequencies) wouls
decrease and mwove further away from the minera) oi) related frequencies.
Essentially, Yowering of fg is the same as reducing Afyne Of

Askare! transformers. [t should be noted that {f the Askarel does not
contain trichlorobenzens, the second assumption (that is, the frequenc:es
of rupture and fire of two transformer types Deing equal) would become
very conservative, because the PCBs in general (and especially

Aroclor 1254) have very high 1gnition temperature (their flash point :s
greater than 350°C) when compared to trichlorobenzene. Obviously, o
more realistic risk comparison would be made 1f Agqpp for Askarel
transformers {s evaluated separately from relevant statistical evidence.
This evidence 1s not readily availadble,

Room boundary failure frequencies for Askarel and mineral of}
transformers are evaluated primarily from judgment. For an Askare!
transformer, an explosion has to occur first. An explosion is possiole
because 1,2,4 trichlorobenzene may be vaporized (its bofling point s
214°C) and 1gnited. The PCB of the Askire)l would not contribute t3

40
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ts boiling point 1s higher (greater than 350°C} and does

sh point up to boiling. The likelthood of boundary failyre
rom judgment with a mean value of 0,084, which represents
¢ explosion occurring with sufficient severity to damage

cause |
this B¢,

a
s ated f
. ]1ke'|’|°°d 0

lement of the boundary failure evaluation is the presanc
A mo;:::;o:nzeno. 1f an Askarel that does not contain ? ¢
enzene {€.9., Aroclor 1254) was chosen for this case stugy,

n boundary failure woyld have been very unlikely. MNowever, as fpg_|
monamoml frequency of room boundary failure given an Askare!
(“nsform!r‘ rupture) becomes smaller, ft can be shown that the final
cransfori1d not change much. On the other Mand, if the Askarel 15
'“:‘,ma to be 100% PCBS (such as Aroclor 1254), the frequency of
:::nsfomr fires specific to this fluid would have to be quantified
explicitly bectuse of its flame resistant charactaristics (high boiling
point and flash point). As shown earlier, this would have a direct
offect on the risk curves and 1t is anticipated to move them toward lower

frequencies.

rne 1ikelinood of room boundary failure in the case of mineral o1l

trans former rupture is judged to be a certainty. This 1s because mineral
o1l 13 a flammable naterial and {t {s judged that an explosion may occur
upon transformer rupture. This may be 2 conservative conclusion, but 2
more redtistic 1ikelihood would not be much less than unity. A decrease
1n this Yikelihood would increase the frequency of room fire damage
state. The overall effect s judged to be a slight decrease fn the fina)
ri1sk curves.

f tric
tricnlorod

the resaining frequencies, reflected on the event trees of Figures 5-5
and 5-5, are from heat propagation analysis (except for the conditional
frequencies of below or above-1iquid-level rupture). The uncertainties
in these frequencies are not highly sensitive to the underlying
assumptions. For example, fn the case of fire propagation to an adjacent
room when room boundaries are breached, the important parameters are the
neat flux from the flames and fgnition temperature of the materials in
the adjacent room. [n view of the large uncertainties in the gropagation
frequencies, any reasonadble changes in the values of {gnition temperatuyre
or heat flux would not have a significant {mpact on the final results.

in {mportant factor in calculating the fire propagation 1ikelihood is the
fire brigade response time (see Appendix B). The evaluation of this
reponse time 15 based primiarily on fire detection time and travel time
for the fire brigade. Little consideration is given to special
conditions arising from transformer fires. [n two of the threm Askare)
transformer fires {nveol ving buildings, the fire brigide delayed their
attack by S0 minutes and 3 hours after their arrival, These wers the
times when the electric power to the transformers were disconnected. A
:?nmm:y study was performed which indicated that large increases in

f re‘bri‘gndc response time did not significantly affect the final

etults; that 1s, did not {ncrease frequencies of injuries and fatalities

41
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The conditional frequencies of injuries and fatalities, given a damage
state, are evaluated using statistical evidence (see Appendix C1. Tne
most {mportant assumption at this stage of the amalysis is the
compatibility of the collected evidence to our case study. For beyond
room fires, it is judged that the compatibility s good, because once the
fire propagates out of the room of origin, 1t does not matter how 1t
originated.

For room fires, the compatidility of the evidence !s good for injuries
because one of the two data sources s specialized to imdoor transformers
(see Appendix C) and the frequency estimates from indivicual sources are
very close to each other. For fatalities in a room fire, the
compatidbility may not be as good as the other frequencies. This s
reflected by wide uncertainties.

5.4 CASE 2 - TRANSFORMER INSTALLATION WITH MINERAL OfL CHARACTERIZAT' Y

The base case of case 2 1s a mineral of1 transformer in a vaylt in tne
basement of 3 large building, and the alternate case {s an Askar-]
transformer with {dentical specifications, Its main differences irom
case ] are that the walls and celling are required to he buflt of 6-1nch
concrete or B-inch brick, and that the vault {s dedicated to the
trangformer, with no other electrical squipment inside. The following
general assumptions describe the vault and the transformer in detail and
are applicable to both alternatives of this case.

5.4.1 GENERAL ASSUMPTIONS

A single transformer 1s located in a2 vault in the basement of a large
building (see Figure 5-8 for a plan viaw), The transformer converts a4
4,800V power source to 120/240Y. The rating of the transformer 1s

167 k¥A. [t msasures 2 feet by 2.5 feet by 3 fest tall and contains
80 gallons of fluid. The vault 1s appronimately 20 feet by 20 feet and
8 feat tall. I[ts floor is sloped 1/16-1nch per foot to & sump 3 feet
square aad 2 feet 6 inches deep.

The vault has a dedicated ventilation system. The alr inlet is equipped
with a fire damper. The air outlet is equipped with louvers to prevent
the entrance of rata. The capacity of the blower 15 2,000 ft'/minute

The penetrations of the room include air ducts, conduits for electrical
cables, sad a self-closing, 3-hour rated fire door (5 feet by 8 feet)
which {s aormally locked closed. All walls, the floor, and the ce1ling
are constructed of 6-inch reinforced concrete or 8-inch brick.

The vault 13 assumed to be equipped with an automatic sprinkler system.
The temperature settings of the heads are taken to be of ordinary
classification (see Reference 9 for definftion) that range betwesn 57°7
and 77°C (135°F and 170°F).

The details of risk calculations for the two transformer types are given
in Sections 5.4-2a and 5.4.2b. To faciiitate their comparison, the
format of this report is altered and the twd sections are presented siz2
by side.

a2 20650
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5.4.3 CASE 2 RISK COMPARISON

in risk when a mineral oil transformer {s replaced by an
yare] transformer 1§ evident from the frequencies listed in Tables 5.3
“c 5.11, For direct comparison between base case and aiternate case
‘",um these frequencies are repeated {n Tables $-12 (for {njuries)
re s-13 (for fatalities). These tables 9ive more percentiles than
and 5-11. The results are also summarized in the forn of
matrices (Figure 5-11). The mean frequencies of injury and fatality
fires are put together in the form of a Z by 2 matrix. As shown n
cection 5.3.3, this matrix can be obtained by multiplying two
2 by 2 matrices (matrix multipiication {s described in Section 5.3.1),
the frequencies of room or beyond room fires and the conditional
frequencies of injuries or fatalities given a room or beyond room fire.

Tne change

pased on the following observations, {t {s judged that with a high level
of confidence, the frequencies of {njuries and fatalities would decrease
f a mineral oil transformer is repiaced by an Askirel transformer in a
setup similar to case 2 of this study,

Table 5-12 shows that for injuries, the probability distributions overlap
to some extent but do not intersect each other. The Sth percentile of
the mineral oil distribution is between the median and 95th percentile of
the Askarel distribution, The latter ({.e., the Askarel distribution) ts
nainly from the product of two terms frequency of ruptures (ip) and
conditional frequency of an injury fire given a room fire {f; pyl.

This can be easily verified by inspecting Figure 5-11. The mfneral oil
distribution, howaver, cannot be expressed as simply; 69% of its mean
value 1s from deyond room fires. This means that an {mportant part of
the uncertainties is from the conditional frequency of an injury fire
given a deyond roowm fire (f gup} and a small portion of it from

f{ ame [t should be noted that the dependency between fi gy and

t :R" §$ judged to be very weak because for almost all prb%l 1e values

f1.ru < 71,800
which {s intuitively expected to hold.

Another {mportant part of injury frequencies {s the initiating avent
frequency. For Askarel-filled transformers, 100% of it is from
transformer rupture and for mineral ofl, 923 of the frequency is from
rupture. Thus, thers is a strong correlaton between the two injury
curves at the initiating event level,

For tne fatality distributfons the same type of the dependencies among
the input parameter exists as for the {njury distributions because the
same type of contributors are ysed. Tnus, the same conclusions can be
reached.

Simflar to case 1, from the above discussions we conclude that an
important difference betwean Askirel and mineral ofl transformer fires 1
1n the 1{kel{hood of propagating deyond the transformer room, The two
frequencies of beyond room fires are compared in Table 5-14 for the two
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TABLE 5-12.

ANNUAL OCCURRENCE RATES OF INJURY

FIRES FROM TWO TYPES OF TRANSFGRMERS: CASE 2

Frequency of Injury Fires
Per Transformer vear

Percentile
Askarel Mineral Q31
5th 1.7 x 10-6 3.7 x 10-6
10th 1.8 1 10-6 4.3 x 10-6
20th 2.3 x 10°6 5.4 x 10-6
30th 2.6 x 1076 6.3 x 1076
40th 2.8 x 106 7.2 x 106
S0th 3.0 x 1076 8.3 x 10°6
50th 3.3 x 1076 9.2 x 106
70th 3.6 x 10°6 1.1 x 10°5
80th 4.0 x 10°6 1.2 x 10°5
90th 4.7 x 1076 1.5 x 10°5
95th 5.1 x 10-6 1.8 x 10°5
Mean Yalue 3.2 x 10-6 9.2 x 10-6
54
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TABLE 5-13.

ANNUAL OCCURRENCE RATES OF FATALITY

FIRES FROM TWO TYPES QF TRANSFORMERS; CASE 2

{_ Fregquency of Fatality {
percentile Fires Per Transformer Year
Askare! Mineral 011
[ 5th 2.0 x 1079 1.3 x 1077
10th 4.9 x 10-9 1.9 x 10-7
20th 9.3 x 10-8 2.9 x 1077
30th 1.3 x 1077 3.9 x 107
40th 1.9 x 10°7 4.9 x 10°7
50th 2.1 x 10°7 6.0 x 10°7
60th 2.6 x 10°7 7.5 x 10-7
70th 3.1 x 1077 9.4 x 10°7
80th 3.9 x 1077 1.3 x 10-6
90th 5.2 x 10”7 1.9 x 106
95th 5.9 x 1077 2.7 x 10-6
Mean Value 2.5 x 10°7 8.5 x 10°7
35
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TABLE 5-14, ANNUAL OCCURRENCE RATES OF FIRES
PROPAGATING BEYONO THE ROOM OF ORIGIN
FROM TWO TYPES OF TRANSFORMERS, CASE 2

Frequency of 3eyond Room

Percantile Fires Per Transformer Year
Askarel Mineral 01t

Sth 1.4 x 10-10 1.9 x 10-8
10th 4,7 x 10-10 2.2 x 10-5
20th 1.6 x 10-9 3.1 x 10-5
30th 3,5 x 1079 4.3 x 10-5
40th 7.0 x 10-9 5.3 x 10-5
50th 1.2 x 10°8 6.4 x 10-5
60ta 1.9 x 10-8 7.7 x 10°5
70th 3.4 x 10°8 8.9 x 10-5
80th 6.4 x 10-8 1.1 x j0-¢
%0th 1.4 x 1077 1.4 x 10°¢
95¢h 3.1 x 10°7 1.6 x 1074
Mean Yalue 7.3 x 10-8 7.3 x 10°5
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transformer types. From that table, {t s concluded that fires from
mineral oi) transformers are (more than] 60 times more 1ikely than firss
from Askarel transformers to have a large impact on the building.

§.4.4 SENSITIVITY OF THE RESULTS

The discussions on the sensitivity of the results to the underlying
assumptions and judgmentally evaluated parameters for case |

{Section 5.3.4) are almost directly applicable for this cate S:imila- t3
case 1, Askarel transformer fire frequency and the 1ikelthood of vault
boundary failure are dependent on the presence of trichlorobenzens in tne
Askarel. Also, similar to case 1, changes fn Askarel transformer fire
frequency would have a direct effact on the final results. For more
realistic results, the frequency of Askare! transformer fire would nave
to be evaluated from relevant data and §s anticipated to be much s-ailar
than the value that has been used.

The 1ikelihood of a vault boundary fatlure in the case of mineral o}
transformer rupture (s taken to be small (VB-2 on Fiqure S-9), This has
increased the {aportance of room fires to the final results. It can de
shown that {f this parameter is further reduced {that is, a smaller
11kelfhood for vault failure), the mineral of} risk curves would move
Closer to Askarel risk curves {given that everything else {s kept as 1s).

Injury and fatality conditional frequencies are less relevant here
because (1] those conditional frequencies were based on data from all
types of office buildings, and (2) vaults are not typically found 11
buildings and are not accessible for the general building occupants.
Also, outsice the vault in this case is not a general use area; thus, °-e
genera) occupants of the building are less exposed to the transformer
fire consequences in this case than in case 1.

5.5 DISCUSSION

Having compared the fire risk from mineral oil and Askarel trangfor-ers
for two case studies, Nas the goal of this study been achieved? To
answer this question, let us examine some important facets of this st 3,

The risk attributes chosen are acute {njuries and fatalities. In tne
1930s, the decision to replace mingral of1 with PCBS was made based 2~
qualitative understanding of risk. 1t is aifficult to assess today
whether public health protection or property damage was the main
motivation for the decisfon. Certainly at that time, the environrrer::
persistance of the PCBs was unknown to the experts and the fire res -
characteristic of the PCBs was the foca! {ssue of the decision. ~hyy,
the injuries and fatalitfes caused by transformer fires were chosen ),
the two risk attributes for this study. Property damege and loss o
production because of transformer fires are not addressed.

The two sites chosen for this study are in public-use buildfngs. 7~
comparison is made in case 1 between an Askarel transformer at an
installation specifically designed for it and a mineral of} transto-—=-
raplacing the Askarel transformer. Because of the sprinkler syste~
the transformer, the mineral ofl transformer in this setup fs aliowz’
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per the national electrical code {Reference 16). Thus, the case |
results carry an important message: under equal conditions, the fire
risk decreases significantly when a mineral oil transformer is replaced
by an Askare] transformer.

The results of case 2 can be interpreted in a similar way. The setup (2
vault 1n the basement) 1S spec{fic to a mineral ofl trangformer. Askare!
transformers above 35,000 veits are 2130 put in vaults according to the
electrical codes (Reference 161. The risk comparison {n this case also
represents a realistic situation. The primary side of the transformer
considared 1s ¢,800 volts, which 1s much less than 35,000 voits.
However, our anaiys{s {s more sens{ti{ve to the size of the transformer
{dictated by {ts power level) than the primary voitage. For larger
trangsformers, the amount and surface ared of the combustibies
(trichlorobenzene in the case of Askare! transformers) are larger than
those considered 1n case 2. Our judgment is that for larger
transformers, the injury and fatality frequencies would be farther apart
than those obtained in this study, because the mineral oil transformer
f{re would be more severe.

Compar{son between the base cases of the two case studies {s not
warrantad for two reasons. First, the same conditional frequencies of
injuries and fatalit{es are used. These frequencies were odtained from
general building fire occurrence data. In both cases, the room of origin
is not readily accessible for the generai buiiding users (the door is
locked closed). In case 1, the rooms adjacent to the transformer room
are used by the general butliding users, whersas in case 2, outsi{de the
vault, only the building meintenance or menagement personnel are
typically present. Second, the modals used to estimate the cond{tional
frequency of boundary failure and firs propagation include meny
conservative assumptions so that a direct comparison may be misleading.

The extansion of the final results to other situations {s aiso not
warranted. For example, the injury and fatality frequencies are not
applicable to distribution transformers on poles at the backyard of
suburban homes or transformers installed outside the building. However,
transformer rooms in large buildings are commonplace and the base cases
of our cise studies represent real situations. Of the intarmediate
results, only the initiating events' frequencies and {njury and fatality
conditional frequencies are applicable outside the two case studies.

In summary, although only two specific cases are examined, the goal of
this study was achieved. The comparison of probabflity distributions for
injuries and fatalities for both cases indicate that there is a
significant decrease 1n the fire risk when an mineral ofl transformer 15
replaced by an Askarel transformer.
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APPENDIX A

FREQUENCIES OF TRANSFORMER PROBLEMS

the frequencies of transformer problems are assessed fn this appendix
us1ng Bayesian methods, In Sectfon §, {t is found that the transformer
problems of interest are: (1) fgnition of a leaking mineral o1l
transforner, (2) 1gnition of a ruptured minerai o{1 transformer, and

{3) rupture of an Askarel transformer. To establish these frequencies.
gtat{stical evidence on a sample of transformers and the number of fires
{categorized by rupture or leak] that were observed {s needed. The data
from several sources were reviewed. [ndividually, none of the sources
could provide sufficient information for establishing the number of
occurrences and the size of the sampling set. Data used in this appendiz
are primartly from sources covering a1l of the United States; however,
some important data are obtained from sources specific to the State of
California. Also, from the availadble information, the fire incidence
could not be categorized by rupture or leak. Therefore, the combined
frequency of fire is first estadlfshed and then two conditional fractions
are introduced. One depicts the conditional frequency of a leak given a
fire and the other depicts the conditional frequency of a fire given a
rupturs.

The frequencies for mineral 011 transformers are evaluated in

Section A.l. The approach to arrive at these frequencies 1s also
discussed in that section. The results of Section A.l are extended in
Section A.2 to assess the frequencies of prodlems for an Askarel
transformer. Section A.3 discusses all the available information,
including information indirectly related to the frequencies of interest.
This type of information {s used to better establish some of the
parameters using judgment,

A.l FREQUENCY OF FIRE IN MINKERAL OIL TRAKSFORMERS

A.l1.1 GENERAL FRAMEWORK

1n Section A.3, 1t 1s found that from the available information sources
the fire {ncidence data cannot be categorized by rupture or ieak.
Therefore, an overall frequency of fire, Lfypg, will ba estadblished
first. This frequency can ba written as the Sum of two frequencies

Affre ® Arupture and fire * Aleak and fire (a.L.
where
Afire * frequency of transformer fire.

Arypture and fire " frequency of fire caused by transformer rupture.

Aleak and fire = frequency of fire caused by the {gnition
of the Yeaking mineral of1,

. A-1
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Further, we define

fa = fraction of transformer fires that are caused oy
ruptures.

f_ =1 - fg = fraction of transformer fires that are caused
by the ignition of the leaxing mineral ol.

and we can write

Arupturs and fire * Afire 'R (%2,
and

Aleak and fire * Arire {1 - f) 1A,

Probability distributions are first assessed for A f(pg and fp, and
the frequencies of fire and leak and fire and rupture are obtained fro~
Equations {A.2) and {A.3).

A.1.2 BAYES' THEOREM

The frequency of transformer fires, A f{,e, {3 assessed using Bayes'
theorems (References A-1 and A-2). The Fuqaoncy of transformer fires per
transformer year can be considered as tha parameter of a binoamial
distribution. Let N be the number of transformers and K ba the number of
transforner fires. Given the frequency of transformer fires, Af{ e

(or A for short), the 1ikeiihood that K transformer fires occur Jn a

population of N transformers is
LINKA) -(:)LK(H)"'“ (a.3)

The probability distribution xgli) represents our state-of-

knowledge uncertainty about A prior to collecting the evidence, as the
subscript o denotes. Bayes' theorem incorporatss the new evidence tha:
K transformer fires occur in a population of N transformers into the
prior distribution to obtain the posterior distributionx()); i.e.,

(¥)a % oo

N
K

nla) =
S TES LU NISTPY
which represents our new state of knowledge about A. [f we assume tnat

the prior distribution 1S a beta distribution with dengity function
(Reference A-2)

. ‘n-l)! k-1 . n-k-1 1 . -
fix) —-——(k_””n_k-mx {1-x) 0<ig
A-2
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where n and k are the parametérs of the distribution, the posterior
distribution 1s also a beta distribution whose parameters are neN and
k*k. Since K and N are very large numbers (a few hundred and more than a
million, respectively), the precise form of the prior distribution does
not matter, as iong as it represents the relatively vague state of
xnowledge that we have prior to receiving the evidence. The
noninformative prior with nsks=o {s used, which means that the prior
gistribution nas no effect on the parameters of postersor distribution.

gayes' theorem can be directly applied only 1f X and X are known
exactly. In Section A.3, 1t can be seen that there are uncertainties
about the exact number of transformers and transformer fires; therefore,
these uncertainties must also be assessed and propagated.

A.1.3 NUMBER OF FIRES, K

The number of transformer fires in California per Reference A-3 are:

Number of Fires Year
648 1980
£99 1981
500 1982

There is & significant variation {n the number of events experienced in
different years. This tempora) varfation 1s not considered explicitly ¢n
our models, because 1t is judged that the conclusions of & time-dependent
andlysis would be of 11ttle use to the goals of this study. An average
value 13 used and the variations are incorporated; {.e., the assessed
state-of-knowl edge uncertainty for K i3 wide enough to accommodate such
tempora] variation in the uncertainty analysis. A possible explanation
for this variation 1s that state business activity declined in those
years and resulted in a decreased 10ad on the transformers and this drop
1n 1oad his Ted to a sharp decreese in fire frequancy. There may be some
underlying phenomenon. For example, some transformers may be operated at
lcagings slightly above their rated design and consequently experience 2
higher rate of fire occurrence. A slight drop in the load may thus lead
t0 a substantial decrease in the fire frequency. [t shoyld be added that
lirge variations 1n statistics of this sort are commonplace. Ffor
exsmple, airplane crashes, suto scCident rates, and drunk driver arrests
experience large variations at a state level.

An average number for transformer fires in California is established by

w = 582.3 incidents per year

This number 1s assumed to correspond only to mineral ol transformers for
several reasons: (1) The national ratio Of Askarel transformers to
mineral of1 units 1s 1 to 164 (see Section A.J); (2) fire fregquency of
Askarel transformers s expectad to be less thin fire frequency of

. A-3 73
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mineral o1) transformers; (3) Askarel leaks are not expected to catch
fire whereas mineral 011 leiks have the potentia) of doing so, and

{4) the cause of transformer rupture {s mainly due to the failure of
fnsulation of the windings which does not depend on transformer type.

Tne standard deviation of the observations {s obtained by

1
2 2 2 £
(648-582.3)2 + (599-582.3)2 + (500-582.3) . 75.0

3-1
The distribution of K 1s assumed to be & normal distribution with 1ts

mean equal to 582.3 and standard deviation equal to 75.0. It is
represented by an equivaient discretized probability distridution.

x_ Probadility, g(
418 3.99 x 10-2
498 0.1866

582 0.547

666 0.1866

146 3.99 x 10-2

A.1.4 NUMBER OF TRANSFORMERS, N

In Section A.3, 1t can be found that information on the number of
transformers 1s available only at a national level. Our fire incidence
dats are from Californfa. From Reference A-4, it {s concluded that the
total rumber of distribution transformers owned by Pacific Gas and
Electric Company and San Diego Gas and Electric Company (two of several
Targe electric utilities 1n California) 1s 892,197, while data are not
available from other utility companies and other transformer owners 1n
California. Thersfors, we estimate 1t Indirectly, using popuistional
ratios, It {s assumed that the populational characteristics of
transformers {n California are almost the same as in the United States
and the tota) nymber of transformers is proportional to the number of
people in the area. The only variations from this that are anticipaten
are that California has a smaller population of hedvy industries (whaicn
typically use a Yot more energy than the eastern states such as
Pennsylvanis, Ohfo, Michigan, and 1111nois) and large California cities
have milder climates (which put 1ess demand on area heating or cooling
Thus, we can write

(“‘"‘ of "1"""1) . Californta population (mmbcr of minera?

011 transf
in Ea“f:m:’ U.S. population transformers 1n

Californis population = 23.7 mi11ion {Reference A-5)

A-4
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U.S. population = 227.2 million (Reference A-5)

Number of mineral ol « 3.7 x 106

§ . §
transformers in California 227.2 ":"1'05 2231 2107 = 2.4 x 10

The statistical data on the population are reasonably accurate., The
error rate {s probadly Jess than I1T. The number of transformers in the
United States estimated by lloftreacc A-4 may have larger uncertainty.
gesides the estimate of 23.1 x 10° transformers, Reference A-4 also
gives an estimate of 22,870,000 based on the methodology that

Reference A-6 had developed. This corresponds to approximately 1%
variation. Also, the assumption that the number of transformars is
progortional to the population introduces some error, The distribytion
deprcting these uncertiinties is derived from judgment.

A 201 variation about the point estimate of 2.4 x 106 1s chosen in
assessing the following distribution:

Number of Transformers

in California, N Probadbility, P,
1.9 x 106 0.3
2.4 los 0.4
2.9 x 106 0.3

A.1.5 FREQUENCY OF FIRE

From the two discrete probability distributions for N and X, 15 pairs of
{K,K) can be formed with probadi11ty Pyx =« PyPy. For esach pair, a

beta posterior distribution xyg (1) can obu?nod with parameters

N and K. The distribution w(ﬂ that depicts our state-of-knowledge
uncertainty about the frequency of minera) ofl transformer fires can bde
writtan as

ENED )
EK W KTNK

Cach of the 15 %, (A)'s 13 & narrow distribution and can be
agproximated by !Knoml distribution. Table A<l )ists the 15 pairs of
parsmmters, along with their prodability and mean values. It can be
shown that some of these distributions overlap near the tails of the
distributions. Therefore, w(i) 1s & multimodal distribution.
Instead of discretizing x(A) using the exact expression, the first
column and the last column of Tadble A-1 1s chosen a&s an approximate
discretized probadility distribution for Afjre. This approximation
would be exact 1f the distributions myc's d’d not overlap, The
resvi ting distributfon 13 collapsed to the discretized probability
distribution 1isted {n Table A-2.
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TABLE A-l. DISTRIBUTION PARAMETERS FOR wyk(r)

p._=P_xP

wk " Pk RPy | X N Mean

1.2 x 10-2 48 | 1.9 x 106 2.2 x 10-%
5.6 x10-2 | 498 | 1.9 x106 | 2.6 x 10-¢
0.164 582 | 1.9 x106 | 3.1 x10-4
5.6 x 102 | 666 | 1.9 x 106 3.5 x 10-4
1.2 x10°2 | 786 | 1.9 x 106 | 3.9 x 10°¢
1.6 x 10~ 418 | 2.4 x 106 1.7 x 10-4

7.5 x 10-2 498 | 2.4 x 106 2.1 x 10-4
0.219 582 | 2.4 x 106 2.4 x 10-4
7.5 x 10-2 666 | 2.4 x 106 2.8 x 10-¢
1.6 x 10-2 746 | 2.4 x 106 3.1 x 10-8
1.2 x 10-2 a18 | 2.9 x 108 | 1.4 x 10-%
5.6 x 102 | 498 | 2.9 x108 | 1.7 x10-%
0.164 582 | 2.9 x 106 | 2.0 x 104
5.6 x 1072 666 | 2.9 x 106 | 2.3 x 1074

1.2 x 10-2 746 | 2.9 x 106 2.6 x 10-4
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TABLE A-2. OISCRETIZED PROBABILITY DISTRIBUTION

OF atipe
—
‘fire (per Provanilit Cumulative %
transformer year) Y Probability {
1.7 x 104 8.4 x 10-2 8.4 x 102 [
2.0 x 104 0.251 3.35 x 1071 |
2.4 x 1074 0.343 0.678 l
3.0 x 10°4 0.255 0.933 !
3.6 x 10~4 6.8 10-2 1.0 {

NOTE: Mean = 2.48 x 104 per transformer year.
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A.1,6 FREQUENCY OF MINERAL OIL FIRES CAUSED 8Y LEAKS ANO RUPTURES

The statistical data used in assessing the frequency of fire do not
provide information on the relative frequency of fires caused by lesxs
{#,) and ruptures (fg). Other dati have t0 be used to assess the
relative frequency. Table A-3 lists some estimates of transformer
leakage rate by transformer type.

Reference A-7 estimates that 15 out of 143 failures of indoor
transformers resulted 1n ruptures and fires. Reference A-3 estimates the
failure rate for 14quid filled transformers to be 4.1 x 10~ per
tnn;:omr year. Therefore, a point estimate of Aruptyre and fire

can

t1x10dx % =43 x10"¢ per transformer year

This estimate is at the extreme high tail of the distribution for

Ap" and 1s judged to be insppropriate for direct application. Tmis
discrapancy 1s not surprising because the exact definitions of the two
paraneters used 1n the multiplication are not known to us. This result
is interpreted as depicting that the mejority of transformer fires result
from ruptures.

The frequency of a fire from leakage can be obtained form the estimated
leakage rates for the moderate lesks that are listed in Table A-3. Thay
represent the type of leak that can potentially lead to 1gnition and
fire. _Refersnce A-7 estimates the frequency of an tgnition of leaked a1
as 10°7. Therefors, a point estimate of Aesk and fire can be

7.7 x 10°3 x 10°3 » 7.7 x 10~6/transformer year

This estimate also 1ies at &n extreme tai) of the distribytion for
Afire. 4nd this 1s iInterpreted as indicating that leaks constitute
the smiller portion of Agype.

The asbove estimates of the frequencies of fires caused by ruptures ard
Teaks indicate that the relative frequency of rupture-caused fires s
much higher than that of leak-caused fires. The following distribution
1s daveloped judgmentally, It reprasents our beiiefs about the relatiie
frequency of tha two phenomena.

Probabi ity fr fL = i-fp
0.05 0.5 0.5
0.80 0.80 0.2
0.15 0.95 0.0§
Mean 0.81 0.1¢9

A-8

C030M060484
MONS 020678




TABLE A-3. ESTIMATES OF LEAKAGE FREQUENCY (PER TRANSFORMER YEAR)

Transformer Typs
Referenca
Mineral 01} pC8s
1. Smal} Leak 8.5 x 10°2 A-4
Moderate Leak 7.7 x 103
2. Active Leak 6.0 x 10-3 Active Leak 3.2 x 10-2 A-9 !
3. 1.6 x 1074 1.6 x 10°4 Ae? ;
A-9
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The frequency of fires from Teaks and ruptures can be obtained From
Equations (A.2) and {A.3). Table A-4 gives their characteristic values.

A.2 FREQUENCY OF RUPTURES OF ASKAREL TRANSFOAMERS

Transformer ruptures are caused Dy very large surges in the primary
voltage ar rapid dreakdown of fnsulatfon between the windings. They
cause arcing betwasn the windings which generates gases and prodyces
pressure spikes. Yoltage surges and insulation fa{lures do not depend on
the type of fluid used. Tha gas generated per kJ of arc energy 1$
approximately 100 cc for both mineral afl and Askarel {Reference A-10).
Therefore, the conditions leading 10 ruptures are the same for minera!
011 and Askarel, and it is expected that the frequencies of ruptures per
transformer year will be the same for both types of transformers. Thus,
we will yse the frequency of minersl ofl transformer rupture that was
assessed fn Section A.l for the frequency of Askarel transformer rupture,

To put this estimate, in 3 better perspective, using the mean frequency af
rupture of 2.0 x 10% per transformer year, the eapected nusber of
Askarel transformer ruptures natformwi{de {s calculated

2.0 x 10°% x 140,000 = 28.0 ruptures per year

This seems to be a large number bDecause Askarel transformer troubles
generally draw news media attention. Tne frequency of citations of
Askarel transformer fires is far less than 28 per year.

A.J SOURCES OF DATA

In this part of the appendix, the sources of data used in Section A.l are
described. Also, some supplemental information are discussed Such as
sources of statistical dats and Dreakdown of the estimates for the Aunber
of t;:asfomrs. the frequencies of transformer leak, failure, rupture,
and fire.

A.3.1 NUMBER OF TRANSFORMERS

In Reference A-4, the utilities throughout the United States were
surveyed regarding the numbers of equipment they own that contain mineral
o1l and polychiorinated biphenyls (PCB) and the amounts of fluid they
contain. It 13 estimated that the number of mineral ofl transformers
owned by the utility industry 1s 20,227,428 and the number of Askarel
transformers i3 19,640, Also given is a breakdown of the number of
transformers according to their power rating and the average amount of
fluid that the transfarmers in a rangs of power ratings contain, It 15
also estimeted that the total number of mineral of) transformers cwnes 3y
the utilities and other users in the United States is 23,137,493 and the

A-10
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TABLE A-4. CHARACTERISTIC VALUES OF THE FREQUENGIES OF MINERAL OIL
TRANSFORMER FIRES CAUSED BY LEAXS AND RUPTURES

(_AiPnrccntilo

ALeak and Fire
(per transformar year)

*Iupturt and Fire
(per transformer year)

5tn Percentile 1.2 x 1075 1.4 x10¢ ;
Hedlan 4.8 x 10°5 2.0 x 10-4
95th Percentile 7.4 1 10°5 2.6 x 10-4
Hean 4.7 2 10°5 2.0 x 10-4
A-11
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tota) number of Askarel transformers is 140,000, The foliowing ifst -

breakdown of tne mineral o1l transformers according to thetir type: )

Distridution Transformers:

Overhead and Pole-Moynted 19,274,819
Pad Mounted 3,565,842
Small Power Transformers 192,748
Secondary uUnit Substation Transformers 52,042
Larga Power Transformers 52,042
23,137,493
11'h¢ breakdown of the PC8 transformers according to users {Reference A. ..
s:
Category of User Number of Units

Utitities 42,000

Industrial and Commarcial 97,000

Raflroad 1,000

140,000

1n Section A.1, the numdber of transformers in California {s used for
frequency evaluition. The only avatlable information is the number of
distridution transformers owned by two utility companies in Caltforma
{Reference A-4):

e Pactific Gas and Electric 179,764
e San Diegs Gas & Electric Co, 112,433

Thus, the number of transformers (n Califoraia must be much greater than
900,000 ynits since thers are several other large utilfties such as
Southern California £dison and Los Angeles Department of Water and Power.

A.J.2 TRANSFORMER FIRE

At the nationa) level, one primary source of fire data is the Natfonal
Fire Incident uoportin; System (NFIRS) (Reference A-12), In a survey of
NFIRS during 1976, 1977, and early 1978 (Reference A-13), one millfon
fires were found to have occurred in eight statas and 209 indoor
transformer fires wers identified. Seven transformer fires were
identified in the more recent survey of the 1978 NFIRS data. These
transformer fires could be caused by a rupture or the ignition of tne
Yeaking o1, and it is not known which type of trinsformer is fnvoives.

At the steta level, the primary source of fire data for California 15 n-»
California Fire Inctident Reporting System {CFIRS) (Reference A-1¢).
computer search of the dats base for firss caused by transformer and
associatad ovarcurrant and disconnect equipment shows the following
resylt {Reference A-)):

Year Number of Fires

1980 648

1961 599

1982 500
A-12
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simtar to HFIRS, no information is availadle to determine the types of
the transformers involved and the type af abnormality leading to the fyre.

only a few fires 1nvolving Askarel transformers are recorded. They are
11sted in Table A-5. There is 1nsufficient {nformation to determine
whether Askarel was DUrning ayring thase fires, and whether the Askarel
transformer was the source af ignition.

A.3.3 TRANSFORMER LEAKS

Three sources have estimated the frequency of transformer leaks.
Table A-3 summarizes their results and each source is discussed
separately.

A.3.3.1 Electric Uttlity Owned Transformers

in Reference A-4, data are collected for transformers ocwned by the
eiectric utilities. Twa levels of leak severity iare defined. Greasy or
orly spots on the transformer body are considered as small leaks and
noticeable spiiis are consfdered as moderate leaks. Reference A-4 shows
that the frequency of & leak is greater for larger transformers and they
are less likely to have a moderate leak than a small leak, For mineral
011 transformers with power levels below L00 k¥A, 3 pofnt estimate for
mall leak frequency is 0.0077 per transformer year and for moderite
leaks 1t is less than 0.0077., For mineral ofl transformers with power
levels between 101 and 500 kYA the small leak frequency fs 0.085 and for
a moderate leak the frequency is 0.0077 per transformer year,

A.3,3.2 Survey of Chemical Manufacturers

Members of the Chemical Manufacturers Association were suyrveyed to
identify fncidents of transformer leaks (Reference A-3). Sixty-eight
firms representing about 333 of all U.S. chemical industry sales in
standard (ndustrial Classification Code 23 were surveyed. Information
based on the Environmental Protection Agency (EPA) interim measures
regulatory program and firm records indicates 351 leakage incidents per
year occurred in a population of 5,231 transformers, including both
nineral ofl transformars gnd Askarel transformers. Therefore, the
Jeadkage rate ts 6.7 x 10%/transformer year, If the nondocumented
sources such as the judgment or opinfon of equipment maintenance or
service personnel are included, there are 1,005 leakage incidents in
15,752 transformers. This produces a leakage rate of 6.4 x 10~2 per
trinsformer yedr. The rates listed in Tadble A-3 are the estimated rates
for "active Jeaks" which include ruptures and moderate leaks dut not
ainor 1eaks where there is no evidence for the gathering or dripbing of
fluid on or about the transformers, using all sources of ‘nformation
collectad from the survey.

A.3.3.3 Nationa) Syreau of Standirds

In Reference A-7, a Hcsttnghoasc service engineer s quoted as estimating
the leakage rate to be 10-° per transformer year and the frequency that
¢ New transformer experiences a Yeak to be 1 out of 25 during the first

A=11
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TABLE A-5. TRANSFORMER FIRES INVOLVING ASKAREL TRANSFORMERS
Qate of Transformer
Occurrence Place Location Type Reference
|
2/5/81 Binghamton, Basement of Distribution A-15
New York Office Building
1/19/82 Sequoyah Nuclear Outside, Above Power A-16
Power Plant, Grade, hNext to
Tennessee Turbine Building
5/15/83 San Francisco, Transformer Vauit | Distribution A-17
Califarnia in Sub-8asement of
Office 8uilding
9/26/93 Chicago, IN1inois | Utilfty Vault Distribution Aal3
Three Storfes
Below the Street

00131033084
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2 weeks of service, Thus, during the expected 11fe span of 25 years, :ne
average leakage rate is

1 - .
78 x 2 weeks ¢+ 1 210 terexiot per trynsformer year
25 years

Also0 given in Reference A-7 is the estimated failure rate of a
cransformer of 4.1 x 10"3 per year. This is based on the
JEEE-sponsored reliavility survey of industrial users of transformers
(Refarence A-19}, where failure means loss of power for the jransformer.

he frequency of a leak befng fgnited is estimated to be 10°* in
Reference A-7,

A 3. ¢ YRAMSFORMER RUPTURES

Reference A-7 states that statistical date gathered by researchers at
Factory Mutual indfcate that out of 143 failures of indocr minera) of!l
transformers recorded by Fsctory Mutual, 18 resultad in rupture of the
transformer tank; in 15 out of the 18 ruptures, the mineral oil was
tgnited. According to Reference A-8, the failures of transformers are
caused by flashover or arcing (61%}, electrical defect {12%), and
aechanical defect (10%). The faflure rates for different types of
transformers are estisatad to be:

Liguid Filled, A)) Types 4,1 x 10'3/Transfnmr Year

601 - 15,000V 32103

Abave 15,000V 1.3 x 1072

300 - 750 kVA 3.7 x 103
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APPENDIX 8

FIRE PROPAGATION FROM AN ASKAREL TRANSFORMER RUPTURE

{n this appendix, for the base case of Case [, the potential of fire
propagation to an adjacent room given an Askare)l transformer rupture
leading to room boundary faflure is examined. For the pyrposes of this
study, Askarel 15 defined as a mixture containing 50% (by wergnt) PC8s
(aroclor 1254) and S0% 1,2,4 trichlorobenzene. In Section 5.3.2a,1.6 of
tne main report, four modes of fire propagation are fdentified. Three of
the four involve radfative heat transfer to the target combustiblies from
the flames above the transformer tank, the hot gas and smoke layer under
tne ceiling, and hot transformer parts. This appendix concentrates on
these three modes of fire propagation. The fourth mode involves heat
conduction from the splattered fluid and s discussed in

section 5.3.2a.1.5.

The target combustibles for fire propagation are carpets, walipaper,
paper, wood. plastics, and similar materials typically found n an office
bu1lding environment. Reference B-1 indicates that the ignition
tesperatures of fabrics range from 400°C (752°F) for cotton to 500*C
(1,112°F) for woal. Synthetic fibers have {gnition temperatures

vetween these two points. Fire retardant fadrics have ignition
temperatures well above 1,000°C (1,832°F). The ignition temperature

for wood ranges from 313°C (595°F) to 393°C (740°F), depending on

the specific gravity of the wood. For this study, carpeting will be used
1s representative of the combustibles in the room. Its ignition
teaperature is chosen to be 600°C (1,112'F).

To calculate the heatup of thase materials to their {gnition temperature,
1t {3 assumed that they are in the form of a semi-infinite slab with an
imtial uniform temperature T,. The heat flux 43 {w/mZ) {mpinges on its
surface for t* seconds, the th that the surfice temperatyre reaches the
ignition point. From Reference 6-2, {1t can be written

2

t._%(m -TA)) (5.1)
%

where
X = thermal conductivity {w/m *x}).
a * thermal diffusivity (m?/s).
T* « ignition temperature (*X).

From Reference B-3, 1t 1s found that cellutose acetate {a form of
Synthetic fiber) nas the following thermal properties:

X = 0.17 to 0.3 w/m 'X
a*7.6x108 to0 2.02 x 10-7 md/s
8.1
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For our calculations, we will use 0.25 w/mX for k and 1.4 x 10=7 nl/s ¢ar
a. Using T* » 600°C and T4 = 20°C, the following relationsnip between -~
and q; is obtained:

Il
* . 1.2 %10
t T(s)
[+]

We must now establish 45. For this we need the burning characteristics
of the Askarel; {.e., the mass burning rate, the heat of comdbustion,
etc. Heat of combustion for trichliorobenzene 13 1.5 x 10% xJ/kg
{Reference B-4). The other parameters have not been establfished for
Agkarel, except that Reference B-5 indicates that a &-inch diameter pool
¢f Askarel can burn and generate heat at thea rate of about 5 kcal per
minute only when exposed gontinuously to a pflot flame or ignition scurce
with greater than 30 I:li/llE heat flux. These values compare wtth

30 kcel per minyte or greater heat generation rates for mineral ofl-tyoe
fluids that, unlike the Askarel, do not require a continuous exposure t
the pilot. Also, the heat of combustion 1.5 x 10% kJ/kg is about
one-third of that of mineral oil.

In an Askarel transformer rupture, the heat source may be present
temporarily. The windings may become red hot from lack of cooling or
abnormg] currents. This situation {s temporary bacause either the
protective or the maintenance personnel devices would isolate the
transformer. The fsolation time may be as lTong as 1 hour, depending 3n
now soon the transformer troubles are noticed. [t is desmed that the
local fire brigade would certainly be called in and that they would
request the shutoff of the electric power to the buiiding.

Based on the results of Reference 8-5, mentioned above, it {s concludes
that Askarels have poor burning characteristics. This {s Interpreted ;;
fmplying shorter flame heights and smailer mass burning rates than for
mineral ofl. The latter means less overall heat generatfon for the sare
burning surface. Thus, because of shorter flames and less heat
generation rate, the heat fiux leaving the flames is judged to be mucn
smilier. In Appendix E, the heat gonerstion rate for a pool fire of
mineral of) {s estimated to be 4.0 x 10” k¥, and the heaf flux from -
fire {mpinging on the walls 1s found to be about 34 kw/mé, [t is
conservatively assumed that the heat flux impinging on the walls fron --
Askary) is one-feurth that of a mineral of1 fire; that is, 8.5 ku/~c

1f this heat is totally absorbed by the carpeting, the ignition time -*
is about

11
1.2 x 10
the . 1,661 sec = 28 minutes
(8,500)

Withfn this time frame, the sprinkler system {{f operable} is very
to suppress the fire. [f the sprinklers are not avaflaole, the locs’

3-2
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fire brigade say arrive. The conditiona! frequency of fire propagation,
fp.1, given that 3 transformer rupture 4nd room boundary failyre have
occurred, can then be written as

fo.y™ [fgpp o Frite < tgppl(l - fepol] frite < gy (8.3
where

fspr * the unavailability of the sprinkier system.

frix) » frequency of event x.

trg  * time of fire suppression by the fire brigade.

tspr  * time of fire suppression by the sprinkier system.

The terms in the brackets represent the frequency of the sprinkler system
fatling to suppress the fire before the carpeting ignites. The first
term inside the brackets is the unavailability of the sprinkier system
and the second term {s the fraquency of failyre to suppress before
ignition given that the system {s available. The term gutsise the
brackets 13 the frequency of the fire brigade failing to suppress the
fire before 1gnition. 1t should dbe noted that 1t s judged that the two
supgression processes are independent becayse the fire brigade would dDe
notified upon detection of the fire and they would bring along the
appropriate equipment irrespective of the sprinkler system effectiveness.

The unavailabilifty of the sprinkier system can be estadb)ished by pooling
Information from severa) sources. Refersnce 8-6 lists sprinkier
performance records for several types of occupancies. The number of fire
incidents in arsas with sprinkiers is more than 81,000 and the numbar of
unsuccessful cperations 1s about 3,100. The percentage of savisfactory
sprinkier operation ranges from 88.2% (for industrial facilities handling
baversges and essentia) oils) to 98.2% (for industrial facilities
manufacturing textiles). For office buildings, this percentage is 97.4
{thare were 11 unsatisfactory performances recorded 1n 498 office
dulliding fires where thare werée sprinkiers). Thus, based on these
recards, the unavailadility of tha system ranges from 0.018 to 0.118.
Howsver, the uncertainties sbout the very sprinkler system of the
transformer room yader consideration are judged to be greatar because the
sprinkler system has to operate aftar surviving the 1mpact of & pressure
pulse and the transformer parts or fiuid after the transformer rupture,
The following distridution is derived from judgmant and depicts our
uncertainties about the unavalladility fepp:

fsom  provaptiiey

0.02 0.10
0.05 0.70
0.20 0.20

its mean value 1s 0,077,
. 8-3
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Stnce the frequency of fgnition time t~ {s Jess than the suppression tima
by the sprinklers or the fire brigade, 't s eviluated using the metnoos
of Reference 8-7. The state-of-knowleoye uncertainties in t*, tepp,

and tpp are established first and the statistical distributions of

these iim periods are convoluted next to establish fr{t* < tgpq)

and fr{t* < tgp).

The uncertainties in t* are primarily from {gnoring target heat losses
and the augmented heat flux from the flames, the hot gas layer and the
hot transforwer parts, and using conservative flame surface area,
conservative sgurce to target distance, and conservative ignttion
temperatures. In Reference 8.7, an error factor, By, 18 1ntroduced,
which 1s suitiplied by the point estimate resuiting from the therwa!
analysis. Also, Refersnce B-7 interprets the point estimite as
reprasenting the mean value of the statistical uncertainty about the
ignition time becavse these uncertainties are overwhelmed by the
state-of-knowlege uncertainties. The lettar 1s depicted by the
uncertainties (n £y, for which a Jognermal distribution 13 used with
Sth and 95th percentiles at 0.8 and 4.0. For this case, 1t s judged
that our uncertainties are wider becayse we have used judgment {n
deriving t*, €y 13 1ntroduced as the error factor with a2 Jognorms!
distribution and 1ts S5th and 95th perceatiles 4t 0.5 and 4.0. Thus, the
mean time to fgnition can be expressed as

T = toEy (8.4)

and the distribution for t* has the following characteristic values:

Sth Percentile: 14.0 Minutes
Nedian: 39.5 Mimites
95th Percentile: 112.0 Minutas
Mean: 74.5 Ninutes

The fire suppression time by the sprinkiers, tepp. Can be envisioned as
the sum of two time periods: the time of sprinnor head opening and the
time of fire suppression given water 1s pouring from the sprinklers. The
statfstical uncertatinties of suppression time are derived to be
significent (Refersnce 8-7) and can be expressed by an expanential
distribution, We can writs

fr(t® < tgpr) = exp (- t*/rspR) (8.5
whare tcpp 15 the mean time of suppression {the parsmeter of the

exponentfal distribution) and 1s established from judgment. Reference 8-°
has used the following distribution for the mean time to fire suppression

8.4
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for & compartment {n 4 nuclear power plant that contains an automatic
0z fire suppression system:

Mean Time
to Suppress
{minutes) Probabf! ity
H 0.8
15 0.3
0 0.2
60 0.1

1t should be notad that this estimete Includes the added Capability
provided dy the specialized fire brigade that (s typically feund in a
nuclear power plant. This brigade would attack a fire {f the sutomatic
systoms fat) to contrg) 1t. Since the suppression systed !n our
trangformer room uses water, the distridbution for rgpp (3 chosen (in
spite of the presence of a fire brigade 1n a nycleer plant) to be siewed
fyrthar to the longer times than the atove distribution, This (s
supported by Referance 3-8 where the effectiveness of the suppression
systoms 13 compared. [t shows that a COp Systam may not properly
contral the fire for more than 303 of the demands. The digtribution for
rspp 18 chosen as:

v (minutes)
Ha, Prabab!) ity
5 0.5
15 0.4
0 0.1

The mean of this distribution 1s 11.5 sinutes.

™we suppression time by the fire brigade trp can be envisioned as the
sum of three time periods: detection time, fire brigede arrival time,
and fire suppression time, The detection time 1s judged to be less than
S mtnutas because the noise or smoke from a transforwer rupture ind room
boundary fatlures would be noticed by the occupents of the basemsnt, or
the abnormalities 1n the electric Circuits would be noticed by the
building maintanance personne] snd the general occupants. The fire
arigede areival time 1s expacted to ranga from 1 to 10 minutes, This {5
tiken fros Refersnce 3-9 whare data are collected for fire engine trive)
times 1n Manhattan, Wew York. Finally, the firs suppression time (given
the arrival of brigades) s judged to vary from 5 to 30 minutes. This
estimata does not take 1ACO account any serfous delays in taking action
for reasons such as delay in disconnecting the electrical squipment in
tha transfermmr rool from electric power Sources.

Similar to the suppression tims by the sprinklers, the statistice)
uncertainties In the suppression time by the fire brigade are taken to be
exponential. That is,

frit* < trp) = axpl- r*/rrp) 18.6)
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where tpp 1S the mean suppression time and 15 derived from judgment.
Based on the above discussions, the fallowing digtribution s chosen ‘or

Tfa:

TFB
{minutes) Probabiiity

15.0 0.5
30.0 0.4
45.0 0.1

The mean of this distridution 1s 24.0 minutes. The expression for fp |
can thea be rewritten as

fp.1 = [fspr + (1 - fspp) expl- t*/tgpp)] exp {—v*/tsp) (3.7
The distribution for fp_; can be odtained by using discretized
probability distribution arithmetic (see Appendix G and Reference 5-10).
its characteristics values are:

Sth Percentile: 2.2 x 10-4

Median: 1.3 x 10-2

95th Percentile: 1.1 x 10-!

Mean: 2.8 x 1072
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APPENDIX C

CONDITTONAL FREQUENCIES OF INJURIES AND FATALITIES

The conditional frequencies of 1njuries or fatalities given a fire are
evaluated in this appendix for the two damage states (see Section 3 of
the main text): {1} "room fire,* fires that are confined to the room of
or1gin; and {2) "beyond room fire," fires that propagate beyond the room
of their origin. Two sources are found to contain relevant information:
{1} Tables 3-18 and 3=19 of Reference C-1, and (2) the 1982 fire
incrdents as collected by the California Fire Incident Reporting

system (CFIRS) (Reference C-2). The appiicability of each data source 1s
examined firgt. Bayesian methods {References C-J and C-4) are then used
to combine the pieces of evidence and evaluate the four conditional
frequencies.

C.l GERERAL FRAMEWGRK

As mentioned earlier, the statistical analysis is based on a Bayesian
framework, [n the next section, we will see that for “room fires,” two
sources of data are available and for "beyond room fires,” only one

source is used. For the latter (that {s, only one source of data},

Bayes’ theorem is used n its gimplest form, Bayes' theorem fs written as

16 e Longlf) LD (.1

where
r(f) = the posterior distribution for f.

n,(f) = the prior distribution for f (prior to obtaining
evidence E).

LIE|f) =« the Vike) thood of observing evidence E given f 15 the true
velue.

N » a normglization factor to make n{f) a probability
distributfon,

The evidence £ can be, for example, r injury fires out of n fires or it
can be a set of experts' agpinions about the vaiue of f.

For the “beyond the room“ damage state, the evidence 13 in the form of r
occurrences out of n observations. Therefore, the 1ikelihood function

can be binomial {Reference C-5). That fis,

r

Lir, a|f) = n! e 0" for0cen €.y
GEOED

rFiNner
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From Reference C-5, it 1s also found that the beta distribution
conjugates with a binomial 1{kelihood function, That 15, if the prior
distribution s beta, the posterfor also belongs to the hets family of
distributions. The density function of the beta distribution 1§

B r -1 -r =1
(no 1H!

n
n(f) e t° n.po o (.3
Tfo . I}T'Tﬁo " T - [}

where r, and n, 4re the two parameters of the beta distripution. If
this dengity {s used as the prfor distribution for an evidence of

r events in n observations, the posterior beta distribution would have
the parameters

rpsrgtr (.4}

ng ="M *n (c.s)
from these equations, it can be seen that one can reduce the 1nflyence of
the prior distribution by cnoosing very ssall values for rq and n,.

When r>0, one can Choose ro = ng = 0, a noninformative prior

distributfon.

For “"room fire," the two pleces of evidence are also in the form of

r events {n n observations. However, since they are obtained dffferentiy
and are from independent sources, they are treated as statements from two
{ndependent experts about the value of f jconditional frequency of an
injury or a fatality). To combine the two pleces of evidence, 3 methrod
given in Reference (-6 1s employed. For N experts, Reference (-6 writes
Bayes' theorem [Equation C.1)] as

RO Lueens 19) o g LU ey £RIE) mo(f) (e.s

where f{is the 1th exparts' estimates for the value of f and L is the
1ke11hood that the experts’ estimate will be (f{,... fy) when the true
value is f. For independent experts, it can he written
-~ - - R - -
Cltfenes f10) (0, Ly (e (.

where Ly {3 the 11kelfhood that the {th experts’ estimate wil) pe ¢7

when the true value 1s f. L¢ can be {nterpreted as a measure of
credibility, assigned by the analyst, to the Tth expert for estimating
the true value of f. If the error of an expert is considered as an
addftive quantity, the 1ikelihoad can be represented by a normal
distridbution.

The posterior distrfbution can be nbtained analytically (simfiar to t~2
beta and binomial dfstribution discussed earlier) {f the prior

-2
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distribution {{n the case of a normal likelihood) 15 tiken to be norma;,
The posterior distr(butisu is als30 normal and for two experts {ts
mean (f) and variance {u¢) are given by

f = woly + wif] + w2fz (C.8}
1 =1 +1 ¢1 (C.8)
Z T T 77

v 00 \Jl Uz

where fo and g,Z are the mean and variance of the prior distribution and
fy and o2 (for 1 = | or 2) are tne mean and variance of the iikelthood
function of the ith expert. The waights Wo+ Wy, dnd wy are obtafned from

E &
-
Q
~N

(c.i0

N

aQ
o

L &
-
<
~nN
[n}

-1

—
Q
—

~

E
]
L =3

{c.12)

[
~N

Note that the_influence of the prior distribution can be reduced by choosing 2
very large o 2. A noninformative normal distribution can thus be one with EPe
approaching fnfinny.

For the type of evidence that wa have collected, the mean and variance of
the 1ikelihood are taken to be_the mean and variance sstimates of each
evidence; that is, r/n and r/n*, respectively, where r is the number of
injury or fatality fires and n 1s the total number of fires. By using
these estimates, the assumption is made that the two pieces of evidence
presented by the sources are equally good and the difference in our
confidence levels in the two sources is solely dependent on the number of
coservations that they have made.

C.2 SOURCES OF DATA

C.2.1 ODATA FROM REFERENCE (-l

Tha statistics given 1n Reference C-1 are extracted from the National
Fire Incident Reporting System (NFIRS) (Reference C-7) for 1977 ana 1978,

based on the National Fire Protection Association {NFPA) Standard
ho. 301, "uniform Coding for Fire Protection” (see Reference C-8). NFIRS
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15 & voluntiry system. [n 1977, 19 states were providing dats %o
NF{RS (Reference C-9) and in 1978, 3 more stiates ware added. Within
those 22 states, the extent of reporting viried widely, from nearly
complete reporting (most of the fire departments in a given state
providing data on most or a1l of their fncidents} to minimal reporting
(only a few jurisdictions in a given state reporting partial data).

The data base queried to obtain transformer fire losses for Reference C-1
covered the entire year of 1977 plus one or two quarters from 1978. The
data vase contafned 530,040 recoras (fire incidents), of whicn 209 fire
incidents involved {ndoor transformers. [he records extracted were those
that were coded, per Reference C-6, “Equipment Involved in Ignition

Code 42 - Transformer and Associated Overcurrent or Oisconnect Equipment.”

0f these 209 fires, 200 wers coded as confined to the room of origin or
materia) of origin. Table 3-18 of Reference C-1 gives four incidents lesoiny
to one injury out of 200 transformer fires that were confined to the room of
origin, and Table 3-19 gives zero fatalities for the same 200 firas.

For fires extending beyond the room of origin, the cata given in

Reference C-1 are deemad to de significantly less relevant to the two case
studies of this report {that 1s, a transformer instatled in an office-type
building) than the data from CFIRS which is discussed below. This s becCause
the data for fires propagating beyond the room of origin were extracted from
the fires in manufacturing properties which typically nave fire nazard and
ocCupancy characteristics much different from office buildings.

C.2.2 OQATA FROM CFIRS

The CFIRS data are collected i1n a manner similar to WFIRS. The CFIRS adata
are actually transferrad to the NFIRS to be combined with the records from
other states. This may raise a question of dependency betwaen the two
sources. Since the data from these sources are collected fros different
years, thay are judged to be independent, There are 165,470 records (fire
incidents) in the CFIRS for the year 1982.

Out of the 165,470 fires, 500 {nvolved "transformers and associated
overcurrent and disconnect equipment” as the source of heat causing ignition
(Reference C-10). These 500 incidents included all types of locations
inCuding exterior and interior fires. MNo injuries or fatalities were
reported for any of these fires. The investigation of transformer fire
incidents was not pursued any further because 1t was judged that better
evidence could be collectad for the conditions specific to the case studies

Since our two case studies favolve transformer rooms in an office building
environment, the 1982 CFIRS records were searched for similar conditions.
Computar searches were conducted for the following "fixed property use
classification” (Reference C-2) codes:

Code Qescription
341 Hotals, Inns, and Lodges
Used Year-Round
591 General Business 0ffice
c-4
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and for "fire damage" codes:

Code Description
1 Confined to Materfal of
Or1g\n
2 Confined to
Area of Origin
3l Confined to Floor of Origin
4 Building of Crigin
5 Spredd Beyond Ares

firs damage codes 1L and Z are interpreted as fires confined to the room of
or1gin; damage codes J, 4, and 5 are interpreted as fires spreading deyond
tne room of origin; and the numbers of injury and fatality fires are
tadulated.

Tav)e C-1 suamarizes the findings from CFIRs and NFIRs. It should be noteg
thet ail fatality fires involved only one death and almost ali injury fires
involved only one injury.

C.3 STATISTICAL ANALYSIS

The dpproaches for statistical analysis are descrided in Section C.i. for
the case of fires confined to the room of origin, the two pleces of evidence
are combined using the approach delineated in Reference C-6. For the fires

spreading beyond the room of origin, Bayes' theorss is used in its general
forw.

€.3.1 IMJURIES FROM FIRES CONFINED TO TNE ROOM OF ORIGIN

Tha conditional frequency of an injury, given a fire that 1s confined to its
room of origin, f1 sy, 1s evaluated using the metnhod given in Reference C-6
a3 descrided in Soéﬁm C.l. The two pieces of evidance are 4 injury fires
in 200 {ncidents (NFIRS data) and 16 injuries in 1,048 incidents (CFIRS
data). The two sources of data ars treated as two exparts estimating fi py
with their point estimates being

4
fl 1 " 700 " 0-%2

f2.1,0 * T4y * 0-0183

The 11ke11h00d function of edch expart is taken to be normal with means
fual to these point estimates. Tha variances of their }ikelihood are
taken to be equa) to an estimata of the varfance based on the coliected

c-5
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TABLE C-1. STATISTICS ON [NJURY ANO FATALITY FIRES

Fire Spread Limts

Fire Confined to
Parameter Room of Origin Fire Spreaa 3eycra
Room of Origin :“~sm
From From CFIRS)
Reference C-1 CFIRS |
Number of Injury Fires 4 16 10
Number of Fatality Fires 0 1 1
Total Number of Fires 200 1,048 118

00174033184
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data- An estimate for the varfance can be r/nd where “r* 1s the number
of injury fires and "n” fs the total number of fires. [t should be noteg
that Reference C-11 shows that for strong evidence, the posterior
distribution of the Bayesfan updating {s approximately normal with mean
r/n and variance r/né, Thus, the two variances are

z 4 -4
e var (f . * 1.00 x 10
1 ( 1.1.&:4) 2008

2 16 -5
up s Var ('Z.l.m) el S e r10

For the prior distribution, 3 noninformative norme) distribution can be
used to eliminate 1ts influence on the posterior distribution. The
vartance of a noninformative prior can de viewed as very large compared

10 olzlnd ozzsuch that ooz'» -,

The variance of the posterior normal distribution can be computed as

-1

: (L L -5
ofe\ 2+ 2 = 1.27 x 10 (c.a3)
Gl Oz

The relative weights of the two pieces of evidence w) and wy are
needed to estimate the sean of the posterior distridution

o2
w, s I =0.127 (C.14)
1 2
%)
ol
Wy 23, = 0.873 {c.15)
%2

The neen of the posterior distribution can be written s

From50 "™ fL 1 amt ™2 T2, au = 0-0159 (C.167

With this mean and varfance, al) the other parameters of the norma)
distribution can be found. The characteristic values of f; py dre:

Sth Percentile: 0.0100
Hedian: 0.0159

¢
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9Sth Percentile: 0.0217
Mean: 0.0159
€.3.2 FATALITIES FROM FIRES CONFINED TO THE ROOM OF ORIGIN

The conditional frequency of a fatality, given a fire confined %o 1ts
room of origin, fg pm, 18 evaluated using the same method as for

f1,aue The evidenie from NFIRS 1s no fatality events 1n 200 fires ang
from CFIRS i3 L fatality fire in 1,043 fires. If r/n and r/n are usea
for estimating the mean and variance for NFIRS dets. zeros will pe
obtained, which 1s contrary to our expectatfon. Therefore,

Equations {C.8} through {C.12) cannot be used directly. However, we -in
try aifferent assumptions about the NFIRS data such as | fataiity fi-e |
200 fires or 1 fatality fire in 1,000 fires and see how sensitive %he
final results are to these assumptions. A reasonable distribution fir
fr _AM Dased on these resuits can be chosen.

Let us begin by assuming that a fatality fire could have been observed 11
NFIRS 1f one more observation took place. That 1s, we modify the
evidence to be 1 fatality fire in 200 1ncidents from the first source and
1 fatality fire in 1,048 incidents from the CFIRS. For this evidence,
the mean and variance of the first source are

f = 1 =0.00%
1,F,RM i)

2- = -5
9 1 2 2.5x 10

and of the second source are

-
f s 1 =9.§5x10
UL

7

0 % g™ 1110

The mean and variance of the posterior d;stﬂbution usigg Egquations (l.a:
through (C.12)} are obtained as 1.l x 10-- and 8.8 x 10°¢,
respectively.

Let us now assume that the fatality fires in SFIRS occur at a freaue~cy
such less than 1 in 1,000 fires. This means that the 1ikelfhood of

observing more than 1,000 fires without any fatalities s signmificant
Let us assume that the mean of the first 1ikeiihood is

f1,F,RM = 1.0 x 10-3
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{e keep the variance the same;, that 1s,
0% 2.5 5 109

pecaus@ Tt represents our confidence 1n the first source of data and 1t
s tne best 200 observations can provide. Using the same CFIRS dats, the
mean ind ’arhnu of the posterior decomas 9.5 x 10°3 in

8.8 x 10°". Simflarly, 1f we assume 1 ¢ oy = 5.0 x 10°Y and the

sdm@ varzance, the mean ,M variance o}'tﬁ. posterior becomes

9.4 x 10~% and 8.8 x 107,

T40 notes dre in order here. First, 1t can be shown that the {nfluence
of a prior distribution with wide uncertainties 1s very smali and can be
rgnored in the computations. Second, the normal distributions given
above cover negative numders as well 2s numbers above the unfty. The
provability of a number being negative is 0.15 or less for the above
distributions and the probebility of baing greater than unity {s
insignificant. To circumvent these problems, the final distribution wil}
pe truncated and renormdl{zed between zerg and one. This {s judged to be
of little significance to the fina! results because the bulk of tne
uncartjinties {s not sensitive to these approximations.

The adove three exercises show that the final distributions are rather
insens1tive to the choice of f] and are dictated primarily by the
avtdence from CFIRS. Thug, a néria' disgribution is chaosen with a mean
and vartance of 1.0 x 109 and 8.8 x 10°/, respectively. To truncate
and renormalize this distribution, 1t 1s first discretized, Table (-2
gives this aistribution and shows that the probability of negative values
is 0.1055 and the largest value 13 less than 1. To truncate, the first
four values dre deleted, and to renormalize, each remaining provadility
is divideg by 1.0 - 0.1055 = 0.8945, The resulting distribution is given
by Table C-3. The mean value of this distribution 1s 1.2 x 10-3.

£.3.3 IWJURIES FROM FIRES PROPAGATING BEYOND THE ROOM OF ORIGIN

The conditional frequency of an injury given a fire that has propagated
beyond the room of origin, f1 ap, 1s evaluated using Bayes' thecrem
{Equation C.1). The ovihnc"?s {(r=)10 1njury fires in (ns)l14 fires
that propagatad beyond the room of origin., Since the number of injury
fires is greater than zere, the influence of the prior distribution on
the posterior daistribution can be minimized by choosing a noninformative
prior; 1.e., '%.; ng = 0. Thus, from Equations (C.4) éna {C.5}, it

s found that paramstars of the posterior distribution for f| ﬁ°
decomes r = 10 and n = 114. Table C-4 gfves a giscretization of the peta
distribution with these parametars. Its characteristics values are:

Sth Percentile: 4.9 x 10-2

Hegd an; 8.5 x 10-2
95th Percentfle: 1.3 x 10°1
itedian: 8.8 x 10~2
. ¢-3
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TABLE C-2.

OISCRETIZED NORMAL
DISTRIBUTION W{TH

MEAN = 1.0 x 10-3 N

VARIANCE = 8.8 x 10-

Value | Probapility | Sumiati

e

Probability !
«2.0-3 0.0030 0.0030
-1.8-3 0.0091 0.0121 |
-9.9-4 0.0278 0.0399 |
-5.0-4 |  0.0656 0.1085 |
3.0-6 0.1210 0.2265 |
5.0-4 0.1750 0.4015 |
1.0-3]| 0.1970 0.5985
1.5-3 0.1750 0.7738
2.0-3 0.1210 0.8M5
2.5-3 0.0656 0.9601
3.0-3 0.0278 0.9879
3.5.3 0.0091 0.9970
4.0.3 0.0030 1.0000

NOTE: Exponential notation s
indicated in abbreviated form.
f.e., -2.0-3 = -2.0 x 10-3.

001711033184
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TABLE C-3. PROBABILITY
DISTRIBUTION FOR fp ay

Cumulative
frome | Probabidity o pabiiity
3.0-6 0.13§ 0.135
5.0-4 0.195 0.331
1.0-3 0.220 0.551
1.5-3 0.196 0.747
2.0-3 0.135§ 0.882
2.5-1 0.073 0.955
3.0-3 0.031 0.986
3.5-3 0.010 0,996
4,0-3 0.004 1.000

NOTES:

1, Mean » 1.2 x 10°3.

2. Exponential aotation is indicated
in abbreviatad form;
1.e., 3.0-6 = 3.0 x 10-6,

C-i1
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TABLE C-4,

A OISCRETIZED

DISTRIBUTION FOR ’I,BQ

1
fl,00 | Provabiltey | GERIATINE
!
3.3-2 1.04-2 0.010 l
4.44-2 0 3,96-2 0.050
§.29-2| S.21-2 0.102 i
§.87.2( 4.79-2 0.150 |
6.33-2| 5.24-2 0.202
6.72-2 | 4.80-2 0.250
7.08-2 | 5.,16-2 0.302
1.42-2|  4.81-2 0.350
7.74-2|  4.9322 0.399
8.22-2 9.892 0.498
2.88-2 | 1.00-1 0.598
9.40-2 | 4.93.2 0.648
9.78-2 | 5.08-2 0.598
1.02-1}  $.08-2 0.749
1.07-1 5.21-2 0.801
1121  4.99-2 0.861
1-1"1 ‘081‘2 0-900
1-23-1 ‘09,‘2 °~95°
l.48-1 | 4.03-2 0.990
1.71-1 1.0+2 1.000

NOTE: Exponential notatfon s
indicated in abbreviated for;
i.e., 3.3-2 = 3,3 x 107,

C-12
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C.3.4 FATALITIES FROM FIRES PROPAGATING BEYOND THE ROOM OF ORIGIN

The unconditiona) frequency of a fatality given a fire that has
propagated beyond the room of origin, fo pa, 1s evaluated fn this
section ustng the same method as describéd in Sectfon C.3.3, The
evidence is | fatality fire 1n 114 fires that propagated beyond the room
of origin, The parameters of the posterior peta distribution are then
relandn =114, A discretfzation of this afstribution s given in
Table C-S. [ts characteristic values are;

5th Percentfle: 4.5 x 10-9

Median: 6.1 x 10-3

95tn Percentile: 2.6 x 102

Mean: 8.8 x 10-3
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TABLE C-5, A DISCRETIZATION
OF THE DISTRIBUTION FOR fr 80

Cumulative |
froop | Prodablliey | oropaniiity |
1.00-4 1.12-2 0.011 !
3,494 4,37-2 0.05§ ’
7.98-4 5.20-2 0.102 |
1.25-3 3.958.2 0.146
1.75-3 £.60-2 0.202
2.30-3 4,39-2 0.246
2.50-3 §.75-2 0.304
3.56-3 4.58-2 0.350
4.20.3 4.97.2 0.399
4,93-3 5.22-2 0.452
6.17-3 9.64.2 0.548
8.10-3 1.00-1 0.648
9.93.3 5.20-2 0.700
1.14-2 5.0}-2 0.750
1.32-2 4.88-2 0.79¢9
1.54-2 5.18-2 0.851
1.84-2 4,95-2 0.900
2.29-2 4,99-2 0.950
3.14-2 3.99-2 0.950
4.64-2 1.00-2 1.000

NOTE: Exponential notation §s
indicated in addreviated form.
f.e., 1.00«4 ¢ 1 x 10-4.
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APPENDIX O

ROOM PRESSURE RISE FROM MINERAL OIL TRANSFORMER RUPTURE

in thiy appendix, room pressure rise as 8 conseguence of mineral oi!
transformer rupture 1s calculated. The pressure rise 1s from the
combustion of mineral oi) vapors. For & mixture of fuel and air to stare
burning, ¢ source of 1gnition must exist and the fuel concentration muse
oe within the flammability 1imits, That ts, the flame cannot propagate
1f tne concentration is too low, and there will not be enougn oxygen 1f
the concentration is too high. A table of flarmmability )imits for
several types of fuel i{s given in Reference 0-1. The lower limits

typ1¢dlly range from 1.2% to 12.5% by volume and the upper limits range
from 7.8% to 76%.

Two modes of combustion may take place, depending on the flame veloctty
detonation (supersonic velocity) and deflagration {subsonic velocity).
The detonstion limits (1n terms of concentration) for a vapor that can
getonate are dlways within the deflagration limits, which are the
flammability Yimits. In this study, because of lack of sufficient
information 1t {s assumed that minera) oil vapor can detonate. Thys, in
a mineral ofl transformer rupture, either mode of combustion may occyr.
Upon rupture, minera) ofl vapor would Jeave the poo) of fluld and would
expand 1n the a1r. As it expands, it would first reach the upper
flammability 11mit, and {f deflagration does not teke place, it would
expind to the upper detonation 1imit (1f 4t exists). The process can
continue and the air and mineral o) vapor mixture would reach the lower
detonation and deflagration limits in the absence of an ignitien source.

In this appendix, it 13 assumed that given a rupture, one of the twe
modes of combustion takes place. The pressure rise in the room depends
on the type of expiosion (detonation or deflagration). [n this appendix,
the relative 1ikelihood of the two modes 1S not evaluated.

0.1 DEFLAGRATION

In a deflagration, the flame front propagates at subsonic speeds, and the
pressure equalizes throughout the enclosure where combustion is taking
place. As will be shown below, a small amount of minaral otl vapor is
generated in a transformer rupture. Therefore, the uniform mixture of
the vapor with air is below the flammability 1imits. However,
deflagration may occur in a smaller volume around the transformer as the
vapor cloud s expanding to the limits of the enclosure. Deflagration
generates a pressure wave, This wave attenuates as it propajates towarc
the room boundaries. When it reaches the boundaries, the room is
spproximately at uniform pressure. Thus, an adiabatic, constant volume
model (Reference 0-2), as opposed to & dynamic model, can be used for
calculating the pressure rise in the room.

Using the adiabatic constant volume model, the amount of mineral o1l
vapor 15 computed from an estimate of the energy of the arc, the cause
for the rupture. All of the vapor is assumed to burn instantaneously ana
the heat generated is completely absorbed by the air within the room.
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The pressure is then determined using the ideal gas law. The details of
the mogel and the assumptions are given below. The thermal properties
and other constants used in the computations and the results are listag
in Tables D-1 and D-2, respectively.

D.1.1 THE ARC ENERGY

Reference 0-8 presents the results of some experiments in which
transformer tanks are ruptured by electrical arcs. Transformers were
used in the experiments with ratings in the range of 10 kVA to 100 kva
and applied arc energies ranging from 10 kJ to 80 kJ. The minimum arc
energy needed for rupture increases with the transformer rating., The
transformer rating considered in their case studies is 225 kVA. A range
of arc energies from 10 kJ to 1,000 kJ is used in this study. Based on
the experiments described in Reference D-8, it is believed that the
minimum energy for rupturing the transformer under consideration is well
above 80 kd.

0.1.2 THE AMOUNT OF VAPOR GENERATED

It 15 assumed that all of the arc energy is avajlable for heating the
mineral ofl from {ts initial temperature to its boiling point and
evaporating it. This is a conservative assumption because the energy for
rupturing the tank and displacing the rest of the fluid is ignored.

The initial temperature of the bulk oil is assumed to be 100°C. This
is somewhat conservative because the normal operating temperature is in
the range of 60°C to 75°C (Reference D-9). Under abnormal high load
or poor ventilation conditions, this temperature can be above 100°C up
to 150°C. The specific heat of the o1 (in 1{quid form) is about

1.5 kJ/kg °K {Reference 0-3) and the heat of vaporization is 610 kJ/xg
(Reference D-4). The boiling point is 360°C (Reference D-5).

To aobtain the mass of the vapor generated, the following heat balance
equation 1s used

E =M Cp(Tg - To) + MH (2.0
where

E = arc energy (kd).

=
[ ]

mass of the vapor (kg).
Cp = specific heat (kd/kg °K).
T = botling point (°K).

—f
(=]
[ ]

inftial temperature (°K).

heat of vaporization (kJ/kg).

N I ’
"
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TABLE D-1. THERMAL PROPERTIES OF MINERAL OIL

AND QTHER CONSTANTS USED IN THE CALCULATION

Value

Parameter Reference
Specific Heat Liquid (kd/kg °K) 1.5 0-3
Heat of Vaporization {kd/kg) 610 D-4
Flash Point (°C) 145 D-5 !
Heat of Combustion (kJ/kg) 4.7 x 104 0-5 5
Initial 011 Temperature (°C) 100 ‘See Section |
D.1.2
Room Dimensfon (ft x ft x ft) 20 x 20 x 8 Assumed
Specific Heat of Air at Constant Volume | ;
{kd/kmole °K) 21.27 D-2
1.4 0-7 !

Ratio of Specific Heats of Air at 1 ATM, v

-2281080284
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it should be noted that since heat losses into the bulk of the oil are
not considered properly, this equation is conservative; that is, it
overestimates the vapor mass. Using the above values, we can solve this
equation for M, the mass of the vapor. For example, for 200 kJ arc
energy, 0.200 kg of vapor is generated. The result of this equation is
conservative because the eénergy expended for superheating the vapor and
heating the rest of the posl is ignored. :

D.1.3 THE ENERGY GENERATED FROM COMBUSTION

Upon transformer rupture, some of the oil and most of the vapor would be
released. It is assumed that all the above computed vapor mass is
released into the air. This ignores some condensation that may take
place on colder surfaces and while the vapor is still submerged in the
1iquid. It is also assumed that ignition would occur because the vapor
temperature would be above ignition temperatures indicated in

Reference D-5 for tubricating mineral oil, and the transformer winding
may be red hot and exposed. The energy generated from the vapor
combustion is the product of the heat of combuitfon and the vapor mass.
The heat of combustion is taken to be 4.7 x 10%kJ/kg (Reference D-6).
This result is also conservative because it assumes that all of the vapor
is consumed. For example, combustion of 0.200 kg of vapor can generate
9,400 kJ of energy.

We can now compute the energy generated per kilomole of air. This is
simply the total ener?y generated divided by the total amount of air in
the room. The room dimensions are 20 feet by 20 feet and 8 feet from the
floor to the ceiling.  ,The volume of the room is, therefore,

3,200 feet? (9.06 x 104 1iters). Assuming 1 atmosphere pressure and

25°C temperature, the number of moles is

4
9.06 x 10° 273 = 3.71 x 10° motes

For example, in the case of 200 kJ arc energy, which leads to 9,400 kJ of
energy after vapor combustion, the energy per kilo mole is
2,541 kd/k mole.

In the above calculations, the presence of the combustion products is
ignored. It can be shown that their impact is insignificant. In the
worst case, that is, 1,000 kJ arc energy, 1 kilogram of vapor is
generated. Reference D-10 indicates that burning 1 gram of hydrocarbon
leads to about 2 grams of CO%. Thus, 2 kg or 45.5 moles of COy would
be generated in this case. This constitutes 1.2% of the air in the
room. Therefore, the presence of C0p after the combustion for all arc
energy levels under consideration can be ignored.

6
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D.1.4 POST-BURN TEMPERATURE OF THE AIR

To calculate the post-burn air temperature, it is assumed that all the
combustion energy is absorbed by the air and the specific heat of air at
constant volume 1s needed. From Reference D-2, it {s concluded that the
specific heat of the air ranges from 20.9 to 21.5 kJ/kmole °K for the
temperature range of 298 to 400°K. Since this variation is small for
temperatures below 400°K, a constant specific heat at constant volume

of 21.27 kJ/kmole 'K fs used. For temperatures above this level, the
correlations for the internal energy of oxygen and nitrogen are used
(Reference D-2). That is,

U(T) = 0.8 x {31317 + (37.46 - 8.314)T - 4559.3 inT]

+ 0.2 x [43388 + (42.27 - 8.314)T - 6635.4 2nT) (kd/kmole) (D.2)
where U(T) is the internal energy of air per unit kilomole at temperature
T. The expressions within the brackets are the correlations for the
internal energy of nitrogen and oxygen, respectively. It is assumed that
the air 1s composed of 80% nitrogen and 20% oxygen. To compute the air
temperature above 400°K, the following expression {s used:

u = U{T) - U(400) + 21.2 x (400 - 298)
= 0.8 x (31,317 + (37.46 - 8.314)T - 4,559.3 2n(T)]
+ 0.2 x (43,388 + (42.27 - 8.314)T - 6,635.4 2n(T)]
- 0.8 x [31,317 + (37.46 - 8.314) x 400 - 4,559.3 an (400)]
- 0.2 x [43,388 + (42.27 - 8.314) x 400 - 6,635.4 in (400)]
+ 21.2 x (400 - 298) {D.3)
Thus
u = 30,17 - 4,974.5 4n(T) + 19,923.8 (D.4)
where u is the combustion energy generated per kilomole of air as
computed in Section D.1.3. For example, for the case of 200 kJ arc
energy, the internal energy is 2,541 kJ/kmole. The temperature rise
using the constant specific heat is

2,541/21.2 = 119.9%K

D-6
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and the absolute temperature is
119.9 + 298 = 417.9°K

which 1s above 400°k. Thus, the above equation should be used for
establishing the post-burn air temperature

2,541 = 30.1T - 4,974.5 un(T) + 19,923.8 (D.5)

Using iterative computational methods, the post-burn temperature of
422°% (149°C) is obtained.

D.1.5 POST-BURN AIR PRESSURE
Knowing the post-burn temperature as well as the amount of air and the

volume of the room, the post-burn pressure can be calculated using the
{deal gas law

p ="l ~ (0.6)
For our case study, n is reasonably apgroximated by 3.7 kmole, V is 90.6
cubic meters, and R is 8.314 kd/kmole K. Thus,

P = 0.3395T x gy (psia) (0.7)

where T is in degrees K and 6.89 is the conversion factor to express the
pressure in terms of pounds per square inch. For example, for the case
of 200 kJ arc energy, the temperature fs 422°K, which would result in

an absolute pressure of 20.8 psia, and the pressure increase is

20.8 - 14.7 = 6.1 psi
D.1.6 PRESSURE VENTING

The pressure rise in a deflagration is sufficiently slow to permit
relieving of the pressure through openings in the transformer room.

These openings for the two transformer rooms considered in this study are
ventilation openings toward the outside air.

The following equation from Reference D-11 can be used to establish
whether sufficient vent area is available.

Vo
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where

Ay = necessary vent area (ft?).

C = constant, depends on the burning vapor.

Ly = smallest dimension of the transformer room (ft).

Lz = second smallest dimension of the transformer room.

P = maximum pressure that the room boundaties can withstand (psi).

For the type of gases that may be generated from mineral oi)
vaporization, Reference D-11 suggests C = 2.6 (in English units). Thus,
for a 20 ft x 20 ft x 8 ft room, we obtain the relationship

RSLLIFPLS
22

For case 1, the room boundaries may withstand pressures up to 1 psig. To
prevent the burning gases from reaching this level the total vent area
must be 416 ftc. For case 2, the room boundaries may withstand .
pressures up to 7 psig. For this case, the vent area must be 157 ft2,
For both cases, the required vent area is signficantly larger than
reasonably sized ventilation openings. Thus, for arc energy levels that
Tead to room pressures above 1 and 7 psig, the room boundaries for

cases 1 and 2, respectively, are very likely to fail.

D.1.7 RESULTS

Using the method outliined above, the pressure increase in the room is
calculated for 11 levels of arc energy. Table D-2 shows the results. As
can be seen, above 8Q kJ arc energy the differential pressure is above

2 psi. The walls of the room will experience this pressure rise for only
a short period because the ventilation openings will rapidly relieve the
pressure. The momentary pressure rise is deemed to be uniform throughout
the room, because the deflagration process is envisioned as being an
expanding pressurized gas volume in the room.

D.2 DETONATION

In a detonation, the. flame front moves at supersonic velocity‘and there
is significant pressure drop across the flame front. The maximum
pressure that can be reached at the flame front is several times (it can
be as much as seven times) the initial pressure (Reference D-12). The
impact of the shock wave on the room boundaries is a complex process,
much different from the impact of the pressure waves from deflagration.
The forces exerted by the shock wave on the walls are dependent on‘the
shock wave characteristics and wall shape and angle. Simple relations,
such-as PV = constant (P {s pressure and ¥ is volume), cannot be used
represent the physical processes.

. 020719
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The impact of detonation on the room boundaries is significantly more
violent than the impact of the pressure waves from deflagration. [t is
judged that (for the amounts of vapor generated above 80 kJ of arc
energy) a detonation of the mineral oil vapor would almost surely lead to
an equivalent static pressure on the walls greater than 1/2 atmospheric
pressure.
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APPENDIX &

ROOM BOUNDARY FATLURE FROM SEVERE HEAT FLUX

In this appendix, for the alternate case of case 1, the chance that the
room boundary is breached due to a fire caused by the ignitton of leaked
minera) oil is evaluated. The failure of the wall due to the radiative
heat flux impinging on it is the most likely mode of failure. The
convective element of heat transfer from the fire to the walls is judged
to be less important than radiative heat flux. Convective heat flux is
important when ceiling failure is considered. The ceiling in this room
has a J-hour rated concrete construction. Therefore, its failure is less
likely than the walls which -are l-hour rated. For the thermal
calculations, it is assumed that there is enough mineral o0i} for the fire
to last until boundary failure and that the fire is not affected by the
sprinklers or the fire brigade. The approach that was used in Appendix B8
to model fire propagation from an Askarel transformer rupture is also
used here. First, the time to wall failure is established and the
expression

fRB-Z = [fSPR + (1 - fSPR) exp ("f*/TSPR)] exp ("‘(*/TFB) ' (E.1)

is used to find the conditional frequency of boundary failure given the
fire. The distributfons for fspp, tspr, and tpp as assessed in

Appendix B are applicable here. t* Js the mean time at which wall
failure occurs. It is determined using a one-dimensional heat conduction
code (Reference E-1).

The leaked mineral oi1 is assumed to be contained by the curb on the
floor. The surface area of the mineral oi) is the area of the curb minus
the area of the transformer; i.e.,

8 ft x 8.5 ft - 2 ft x 2.5 ft = 63.5 ft2 = 5,9 m?

The mass burning rate depends on the amount of air avajlable. If it is
assumed that there {s sufffcient air, combustion is controlled by the
surface area; that {s, the mass burning rate is equal to the surface area
times the mass burning rate per uait arga, which has been determined
experimentally to equal 3.3 x 10°¢ kg/m¢ second (Reference E-2). _
This is the rate at which the mineral oil is consumed due to combustion
and the formation of unburned fumes, which occurs because the combustion
efficiency is not 100%. Reference E-2 estimates the heat of combustion
of mineral ofl to be 4.7 x 10% kJ/kg. Assuming 100% combystion
efficiency, the heat generation rate for an area of 5.9 m¢ is

9.3 x 10% kJ/second. The mass burning rate is 0.196 kg/second. At
this rate, the 80 gallons of mineral ofl can last for about 23 minutes.

Reference £-3 estimates that approximately 1 cubic foot of air is needed
for every 113 Btu of energy generated in a combustion. To sustain a mass

£-1
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burning rate of 0.196 kg/second for a surface area controlled fire, the
air supply needed is

3
9.3 x 10 kJ/sec> (60 sec) ( Bty ) 3.3, .
- = 4.68 x 10° ft7/min
( 113 Btu/ft3 min 1.0551kJ

which is higher than the assumed capacity of 2,000 ft3/minute for the
ventilation system. Therefore, the actual burning is ventilation
controlled, It can be calculated using the assumed capacity of the
ventilation system; i.e.,

Heat Generation Rate = 113 Btu/ft3 x 2,000 ft3/min
=" 3,97 x 10° kd/sec

and

3.97 x 103 kJ/sec
4.7 x 10* kJ/kg

Mass Burning Rate = 8.45 x 102 kg/sec

At this rate, 80 gallons of mineral oil can last for 53.3 minutes.

Wall fatlyre is assumed to occur when the temperature rise at the cool
side of the wall reaches 140°C. This is the definition used in the

fire rating of structures (Reference E-3). The time to failure t* is
determined by using the THEAT computer code (Reference E-1). The wall is
assumed to be a 2-inch thick concrete slab (Reference E-3 indicates that
2-inch thick concrete covers are l-hour rated fire protection for beams,
joists, and girders). On one side, a constant heat flux is used as the
boundary condition; on the other side, convective cooling is assumed.

The constant heat flux is estimated using a conservative model. Because
of the large surface area of the base, the flame is expected to reach the
ceiling. It is assumed that the flame is in the shape of an 8-foot high
cylinder with its horizontal cross sectional area equal to the area
enclosed by the curb. Therefore, its radius is equal to

vV _—3"" 5.5 . 4.65 ft

The room boundary 1s assumed to be a concentric cylinder with radius
equal to 10 feet and height equal to 8 feet. Assuming that radiative
heat flux is emitted from the flame radially, the heat flux decreases
linearly with distance. The heat flux at the room boundary is therefore
" equal to the total radiative power divided by the curved surface area of

the outer cylinder; i.e.,

3.97 x 10% kd/sec x 0.4 x( re? ) « 34 Ku/m’
en x 10 ft x 8 ft 0.0929"?

where 0.4 is the fraction of total energy emitted as radiative heat flux
(Reference E-4).
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Using this constant heat flux, t* is found to be 31 minutes. [t relates
to t* by t* = E4t* (see Appendix B for a discussion of the

parameter £,), where Eq is lognormally distributed with 5th

and 95th percentiles equal to 0.8 and 4.0, respectively. Therefore, r*
is lognormally distributed with parameters u = 4.02 and o = 0.489,

[ts characteristic values are:

5th Percentile: 24.8 Minutes
Median: 55,5 Minutes
95th Percentile: 124.0 Minutes
Mean: 62.5 Minutes

The conditional frequency of breaching the boundary, fpg_p, is found to
have the following characteristic values:

5th Percentile: 9.7 x 10-5

Median: 5.4 x 10-3

95th Percentile: 5.5 x 10-2

Mean: 1.3 x 10-2
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APPENDIX F

FIRE PROPAGATION TO AN ADJACENT ROOM FROM AN ABOVE-LIQUID-LEVEL
RUPTURE OF THE CASE 1 MINERAL OIL TRANSFQRMER

The possibility of fire propagation to an adjacent room in the case of an
above-iiquid-level rupture of the Case 1 mineral oil transformer is
analyzed in this appendix. Since the rupture point is above the liquid
level, little fluid is splattered. If any fluid escapes the tank, it is
anticipated to end up within the curb boundaries around the transformer.
[t s certain that the oil remaining in the tank would be in flames
because of the hot windings and contact with the afr. Some of the hot
gases and smoke generated from this fire would escape to the outside of
the building through the openings, and some of it would escape to the
adjacent rooms through the walls breached by an explosion following the
rupture. The hot gases would also engulf the sprinkler heads above the
transformer, which would eventually open and pour water on the fire.

The combustidles {n the adjacent room would heat up primarily from the
radiation of the hot gas layer and the flames. In Appendix E, 1t is
found that in the case of a burning ojl leak, the heat flux on the room
walls is expected to be about 30 kW/m¢., This can conservatively be
taken as the heat flux impinging on the carpeting or other combustibles
in the adjacent rooms. Using the semi-infinite slab model of Appendix B,
the time of ignitfon t* can be calculated (see Appendix B for its
derivation) from

' 11
v o L2 X107

0

s)

‘H
where qo 1s the impinging heat flux in W/m, Thus,

t* = 133 seconds

To establish the conditional frequency of fire propagation, fp_a, the
approach used tn Appendix B can be followed. We can write

fp.4 = [fspr + exp (-t*/r5pr) (1-fspr)] exp (-x*/tFp)

Since t* is very short im this case, the 1ikelihood of the fire brigade
arriving is small and exp (-t*/tpg) is assumed to be unity.

As discussed in Appendix B, the statistical uncertainty about t* is
deemed to be overwhelmed by the state-of-knowledge uncertainties. The
error factor, E,, suggested in Reference F-1 can be used here. It is
lognormally disgributed with 5th and 95th percentiles at 0.8 and 4.0,
respectively. Multiplying this error factor by t*, the mean fire
propagation time is obtained

T = t¥ Eo
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This quantity is also lognormally distributed and has the following
characteristic values:

5th Percentile: 1.8 Minutes

Median: 4.0 Minutes

95th Percentile: 8.9 Minutes

Mean: 4.5 Minutes
Using discretized probability distributfon arithmetic {see Appendix G and
Reference F-2), the distribution for fp_4 can be computed. Its
characteristic values are:

5th Percentile: 0.30

Median: 0.62

95th Percentile: 0.88

Mean: . 0.60
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APPENDIX G

UNCERTAINTY PROPAGATION USING DISCRETE
PROBABILITY DISTRIBUTIONS

The contents of this appendix are based on Reference G-1. To propagate
uncertainties through a complicated equation such as (see Eqation (B.7)
in Appendix B)

fout ™ [Fopr * (1= fopg) &0 ()] exp (i)

using analytical methods can often be an impossible task. One method for
uncertainty propagation is using discrete probability distribution (DPD)
and replacing the muitiple integrations by consecutive multiplications
and summations. ' ,

A1l probability distributions can be approximated by DPDs. Let us use
the notation <py, Xj for the ith element of a DPD for variable

X, where Xy is the 1th value of X and py is its probability. Also,
the py of every OPD must satisfy

Let us use the notation {<py, Xp} to represent the DPD for
variable X.

[f X has a continuous probability distribution, Py(X)}, its DPD can be

obtained by first chosing a set of intervals in the range of all possible
X and obtain the Xy and pj from

-~

X
i
1
Xi - '5‘;‘ ~f X PX(X)dx
Xi-1

X
i
1
p1 | r ..f PX(X)dx
%1 ‘
where iq_{ and i{ are the boundaries of the ith interval. It should be

noted that several of the frequencies used in this study are assessed in
terms of DPD.

G-1
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As a simple example for uncertainty propagation, suppose the variables X,
Y, and Z are related by

LaX+Y
and the variables X and Y have DPDs of {<pj, Xi>} (total of

I elements) and {<qj, Yy} {total of J elements). The DPD for Z
can then be written as

(<p-qu', Xy + Yj>}

That is, the DPD of Z has [ x J elements with probability
rij = piqj and values Zjj = Xj + Yj.

As a simple numerical example, take the DPDs for X and Y to be
X = {<0.1,-1<0.5,1><0.4,>}
Y = (<0.2,5<0.8,10>}
then
7 = {<0.02,4<0.1,60<0.08,7><0,08,» x <0.4,11><0.32,12}
In the general form, when
= f(X,Y)
where X,Y are independent DPDs,
X = {<pi, X}, ¥ = {<q§, Ypl,
Z is the DPD
L= {<riy, Lipl
where ,
rij = p4aj, 243 = fiXy, ¥j)

and

:E:: rij * 1.0

all
{ and J

In the case of a complicated equation, the number of variables‘of the
function f can be increased and the probability of each combination of
values becomes the product of the appropriate probabilities. For*
example, the above equatfon for fy_; has four vartables: fgpp, 17>
tgpp and tpg. A1l are assessed in terms of three-element 0PDs

(see Append?x B) except for t*, which has a lognormal distribution.
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A discretizatjon of that distribution into 20 (elements) yields for its
third value t3 = 8.75 with pr 3 = 0.012. The first element of fspp is
<0.10, 0.02>, the second element of rSSR fs <0.4, 15.0> and

o,

the second element of tpg is <0.4, 30 Using these valuyes,
one of the elements of the OPD for fp-l becomes

f > = <0.10 x 0.012 x 0.4 x 0.4, [0.02

<P, . ,
1,3,2,2 p-11,3,2,2

+ (1 - 0,02) exp (- 8.75/15.0)]
exp (- 8.75/30.0)> ~
= <1.9 x 10'4, 0.4>

Since these variables have 3, 20, 3, and 3-element DPDs (see Appendix B),
the DPD for f,_.; would have 540 elements. The number of elements is
obviously ve *arge if it has to be used in further uncertainty
propagation. The elements of a large DPD can be condensed by taking the
mean of subgroups of elements

1
Xy == E Xk Py
Pi  allk of
the subgroup

Py ® Z Px
all k of
the subgroup

and

The above example involved a relatively complicated function of four
variables. The terms within the function (such as exp (-t*/tgpgp)
and exp (-t*/tpg)] share {dentical variables (in this case r*§
Because of this dependency, these terms could not be separately evaluated
and combined by the appropriate relationship. However, in many cases,
uncer?ainty propagation has to be done for {ndependent terms. For
exampie,

Q = X(Y+2)

The uncertainties can be propagated through this equation fn two steps.
In the first step, the OPD for Y+Z can be obtained by summing the DOPDs
for Y and Z. In the second step, the DPD for Q can be obtained from
multiplying the DPOs for X-by Y+Z (obtained in the first step). This
process can be repeated for complicated equations but comprised of
independent variables.

G.1 REFERENCES

G-1. Kaplan, S., "On the Methods of Discrete Probability Distributions
in Risk and Reliability Calculations - Application to Seismic Risk
Assessment, "Risk Analysis, vol. 1, p. 189, 1981.
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APPENDIX H

FLAMMABILITY OF CHLORINATED QRGANIC VAPORS

Examined in this appendix are the flammability characteristics of
chlorinated organic vapors. The two principal components of Askarel,
polychlorinated biphenyl (PCB) and trichlorobenzene (TCB), are such
organics. Flame velocity in the vapor phase for a chemical is used in
this appendix to compare the flammability of chlorinated organics with
other flammable chemicals such as benzene and methane. Slower velocities
indicate a less flammable material, and slower energy release, by
implication, yields a less violent explosion. It should be noted that
the rate of energy released by a burning gas is directly related to i{ts
~flame velocity.

Although the physical properties of TCB are known (References H-l

through H-3), very little is published on their flammability. Currently,
data pertaining to the flammability of TCB consist of data on a flash
point (99°C) and reports indicating that it is nonflammable or

suppresses flammability {References H-1, H-4, and H-5). Since these data
are fnconsistent, the following analysis is intended to determine the
hazard level of TCB by determining its flame velocity and thus determine
which data are correct.

An analysis of the flammability properties of specific chemicals is given
by Exner (Reference H-6). The analysis in Reference H-6 is based, t0 a
large extent, on data developed by Gupta and Valeiras (Reference H-7)
which was published at a date later than Reference H-6. Also, work by
other specialists in the field (Reference H-8) gives some insight into
how mixtures of nonflammable and flammable gases will behave.

An algorithm for determining the flame velocity of a chlorinated organic
vapor is:

1. Establish the weight fraction of chlorine in the vapor phase.
2. Establish the heat of combustion from Figure H-1l.

3. Establish the flame velocity from a correlation equation with heat of
combustion.

The heat of combustion of all chlorinated organics can be established
from Figure H-1. If their molecule is structured like benzene, the curve
for aromatics should be used, and if their molecule is structured like
methane, the curve for alkanes should be used. TCB {s an aromatic
compound. The weight fraction of chlorine in TCB is 0.59. From

Figure H-1 the heat of combustion of TCB is 3.4 Kcal/gram.

From the heat of combustfon, one can establish the flame velocity for an
organic vapor. This is concluded from an inspection of the equations for
burning velocities given in Reference H-6. Table H-1 summarizes the data

. OH-1
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HEAT OF COMBUSTION, kcal/gram

Y =

ALKANES AND CHLOROMETHANES
Y = 12.66 — 13.22X

AROMATICS AND
CHLCROAROMATICS
INCLUDING BIPHENYLS
Y = 9.82 — 10.93X

N
I

0 ! ! I ! ]
S ¢ 0.2 0.4 0.6 0.8 1.0

X = WEIGHT FRACTION CHLORINE

FIGURE H-1. CORRELATION BETWEEN HEAT OF COMBUSTION
AND CHLORINE WEIGHT FRACTION OF MOLECULE

OH-2
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given in Reference H-6. A linear or regression analysis (curve fitting)
of the chloromethane data yields the correlation

Up = 5.34 (aHc) - 4.15 (H.1)
where

aHc = heat of combustion (Kcal/g).

Up = flame velocity (cm/sec).

The number of data points is 7 and the correlation coefficient {R%)
is 0.964, Although this linear equation is not consistent with our
understanding of the phenomenology, it is an acceptable correlating form.

Table H-2 gives a comparison of calculated velocities {using
Equation H.1) and experimentaily determined flame veloacities for
different chemicals. The experimental data are summarized in Table H-3.

The deviations between measured and calculated flame velocities in

Table H-2 implies that the relationship is different for each family of
organics. This is consistent with the relationship found for the
chlorine content and heat of combustion. Therefore, we modify the
correlation in Equation H.1 to specialize it to chiorinated benzenes.
The ratio of measured and calculated velocities for chlorinated benzenes,
per Table H-2, ranges from 0.8 to 0.9. The slope of the curve is thus
modified by multiplying 0.9 and 5.34. The correlation equation for
chlorinated benzenes becomes

Up = 4.81 (aHc) - 4.15 (H.2)

This correlation gives a burning velocity for trichlorobenzene

(CeH3C13) of 12 cm/sec. This is equivalent to the burning velocity

of methylchloride. The prediction of a positive burning velocity for
trichlorobenzene implies that the reported flash point is a valid
number. Based upon this, we conclude that TCB {s flammable. However,
TCB has poorer flammability characteristics than chemicals such as
benzene and methane. This becomes evident when the flame velocities and
heats of combystion are compared.

Finally, it should be noted that similar calculations for PCBs (e.qg.,
Aroclor 1254) are not possible because almost no data are available for
this homologous series. Reference H-9 reports combustion of an Askarel
that was composed of 70% PCB and 30% TCB. gurning was possible only when
considerable externa) heat (3 to 6 watts/cm¢) was applied to a 4-inch
diameter pool of Askarel. The flames were weak and the heat release rate
from the Askarel was 3 to 6 Kcal/min, It is also reported in

Reference H-9 that self-sustained combustion of the Askarel was not
possible. - The combustion occurred only within the range of external hea:
fluxes noted above., In the same test, other transformer fluids such as
mineral oil and S0-centistoke dimethyl silicone established self-
sustained combustion at lower external heat fluxes than 3 watts/eml and
generated heat at much greater rates (above 15 Kcal/min),

: H-4
00351072684 MONS 020736
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TABLE H-2. COMPARISON OF FLAME VELOCITIES
Flame Velocity {cm/sec)
Chemical :
Measured Calculated |
R
Methane CHg 70 67 i
Chloromethanes CH3C1 11 13 to 15
CHaCla 1.7 2.6
CHC1, 0 -0.14 to 1.3
Mixtures of CH3C1/CHg X* = D.48 30 34
Methane and CH3C1/CHy K* = 1 25 26
Chloromethanes CH{C]/CH4 K¥*-= 2 20 21
CCly/CHy K+ =1 13 5.6
Benzene CgHg 40 48 to 50
Chiorobenzene CgHgCl 27 30
*K {s the molar ratio of chloromethane and methane.
H-5 MONS
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APPENDIX 1

FLASH POINT OF TRICHLOROBENZENE-AROCLOR MIXTURES

The flash points of different Askarels are determined in this appendix,
Askarels are mixtures of Aroclors [polychlorinated biphenyls (PCB) and
trichlorobenzene (TCB)]. The flash point is the liquid temperature at
which the gas phase in equilibrium with the liquid contains sufficient
fuel to burn {n air upon exposure to an ignition source. The fuel is
provided by vaporization of the liquid. At the flash point, the vapor
phase concentration of the fuel may be calculated using vapor-liquid
thermodynamics and the flash point temperature. The thermodynamic
relation between the gas and liquid phases may be written as
(Reference I-1)

i | (1.1)

where y; is the vapor phase mole fraction in equilibrium with the
1iquid phase. The liquid phase mole fraction, x4, equals 1 for a pure
substance. The activity coefficient, y, equals 1 for an ideal solution
or a pure substance. The total pressure, Py, equals 760 mm Hg at
standard conditions. The vapor pressure, Pj, of the 1iquid may be
calculated using a vapor pressure correlation such as the Antoine
equation {Reference I-2) and the flash point temperature.

The Yowest reported flash point of pure 1,2,4 trichlorobenzene (TCB) is
99°C (Reference [-3). The vapor pressure of TCB has been correlated by
Ohe (Reference [-4) as

Togyg(P1) = 7.51512 - 2110.983/(T + 242.429) (1.2)

where Py fs given fn mm Hg and T is in °C. The vapor pressure of TCB
at 99°C may be estimated from the correlation of Ohe as 21.5 mm Hg.
The calculated vapor phase mole fraction of TCB at the flash point is
0.02828 or 2.828 volume percent (mole percent).

Table I-1 presents flash point data on various fluids. From

Reference [-5, Aroclor 1254 does not have a flash point. For a mixture
of TCB and Aroclor 1254, the flash point will occur when the vapor
contains 2.828 volume percent TCB. Because both the TCB and the
Aroclor 1254 are chlorinated aromatic compounds, the mixture of the two
chemicals should behave in an ideal manner.

The vapor pressure of Aroclor 1254 may be correlated, using an Antoine
equation, as

Tn(P2) = 37.999 - 33256/(T + 733.83) (1.3)

where P2 is given in mm Hg and T is in °C. The estimated vapor

- pressure of Aroclor 1254 is 0.40 mm Hg at 120°C. The vapor pressure of
TCB is two orders of magnitude greater than that of the Aroclor 1254,
Thus, the contribution of the Aroclor 1254 to the total vapor pressure of
the mixture may be neglected.

{-1 MONS 020742

AAYTIINANAA o




TABLE I-1. FIRE PROPERTIES OF VARIOUS FLUIDS

Reference

K
Fluid Flash Point, °C (with page number) i
1
|
Aroclor 1254 None [-5 |
Aroclor 1260 None [-5
1, 2, 4 Trichlorobenzene 99 I-2 (799)
10 -6 (1043)
1, 2, 4, 5 Tetrachlorobenzene 15§ -6 (1012)
Minerat 011 229 1-6 (835) i
Transformer 011 149 1-6 (1038) 'l
I
0038M072684 -2 MONS 020743



The flash point of a mixture of TCB and Aroclor 1254 is calculated by ta
following algorithm:

L. Set the liquid phase mole fraction of TC8, x;.
2. Set the vapor phase mole percent of TC3 equal to 2.828.

3. Compute the vapor pressure of TCB using the thermodynamic relation
between the liquid and gas phases (Equation I.1).

4. Compute the flash point temperature using the vapor pressure
correlation for TCB (Equation [.2).

5. Pick a new value of the liquid phase composition and repeat the above
calculation.

The results of these calculations are presented in Table [-2 and plotted
in Figure 1-1. The effect of the Aroclor 1254 is to dilute the TC8 and
. raise the flash point. As the weight percent of TCB is reduced from

70% to 30% (by weight) TCB, the flash point of the mixture changes from
104°C to 120°C. The flash point of a 50 weight percent mixture of
Aroclor 1254 and TCB is 110°C.
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Editors, Fi?fﬁ Edition, Chapter 3, McGraw-H111 Book Company, 1973.

[-3. Kao, C. I., "Chlorinated Benzenes," Chapter in Kirk-Othmer's
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TABLE I-2. CALCULATED FLASH PQINTS
OF MIXTURES OF TCB AND AROCLOR 1254

r

Fraction TCB
Weight Percent | ' 3sh Point, oC
0.0 None
2.8 190
5.8 165
12.2 143
19.2 N
271.0 123
35.7 116
45.5 1
50.0 110
56.5 108
69.0 104
83.3 101
100 99
0028M072684
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