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Abstract 

The use and handling of flammable gases poses a fire and explosion hazard to many DOE nuclear 
facilities. This hazard is not unique to DOE fwilities. Each year over 2,900 non-residential 
structural fires occur in the US where a gas is the first item ignited. Details &om these events are 
collected by the National Fire Incident Reporting System (NFIRS) through an extensive reporting 
network. This extensive data set (800,000 fires in non-residential structures over a 5 year period) 
is an underutilized resource within the DOE community. 

Explosions in nuclear facilities can have very severe consequences. Th'e explosion can both 
damage the facility containment and provide a mechanism for significant radiological dispersion. 
In addition, an explosion can have significant worker safety implications. Because of this a 
quantitative fiequency estimate for explosions in an SRS laboratory facility has been prepared 
using the NFIRS data. In addition, conditional probabilities 

Introduction 

Fires that involve flammable gasesa are unique. Flammable gases have a high energetic content 
and do not require vaporization energy to volatize the fuel. In addition, there is the poteptial for 
explosions. Thus it is prudent to evaluate the fiequency of such events separately fiom the 
incipient fire fiequency. The U.S. Fire Administration is responsible for gathering fire data of all 
types. Incident-based fire data is provided by local fire departments to the administration's 
NFIRS. Forty-two states and 30 metropolitan departments participated in this system' in t995. 

The paper differentiates between explosion events with no ensuing fire, and general fire/explosion 
events. As described later each is tracked separately as the "Type of Situation Found'' by the fire 
department. Thus 
explosions occurring after fire propagation have been neglected and should be handled as part of 
the consequence analysis. In addition, this analysis only evaluates the fkequency of fire ignition. 

Only those events where a gas is the first item ignited are considered. 

this paper the term gas does not imply gasoline. Gas is a vapor at standard conditions. Gasoline is a liquid. 
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Nomenclature 

c 

D Number of deaths 

F 

I Number of injuries 

L Monetary loss ($) 

P 

Subscripts 

Frequency of a event (eventslyr) 

Conditional probability of an event 

Explosion, given that a gas was the first m a t e d  ignited 

Fire or explosioa with an after fire where a gas was the first material ignited 

Fire or explosion event where a gas was the first material ignited 

Explosion with no after fire 

Reported explosions with no after fire 

Total explosions with no after fire 

Unreported explosions with no after fire 

Available Data 

The National Fire Protection Association (NFPA) is a leadmg, source of U.S. fire incident data 
and statistics. The National Fire Protection Association (NF’PA) compiles and performs a,nalyses 
of fire statistics. Some of the databases maintained or used by the NFPA include: 

Annual Survey of Fire Department Experience - Yearly survey of U.S. fire depapments 
to determine their fire experience during the previous :year. 
U.S. Fire Administration’s National Fire Incident Reporting System F I R S )  - A 
nationally managed compellation of fire reports prepared by local fire departments. 
Approximately a third of U.S. fire departments participate in this program. 
Fire Incident Data Organization PIDO) - An indexed compilation of 71,000 case 
studies of special interest and high loss (5 or more deaths or $ 1 million in property 
damage) fires. 

0 

The NFIRS database has proved very usefbl in developing fire fiequency estimates. Estimating 
the fire fi-equency at public service stations (e.g.,, gasoline staticm) is a good example of how this 
can be accomplished. Using the NFIRS database the NFPA estimates’ that between 1990 and 
1994 the fire frequency at public service stations was 1060 fire:; per year. When this fieqyency is 
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t 

Item 

Number of fires 
Civilian deaths 
Civilian injuries 
Property damage (millions) 

combined with the number of public service stations operating in the U.S. the fire fiequency per 
station can be estimated. The National Petroleum Newsletter publishes3 an annual c e ~ u s  on 
public service stations (average of 206,000 between 1991 and 1994). Thus the fire fiequency per 
station is: 

Fires with gas as first 
material ignited All fires 

160,000 2,940 
1 90 12 

3,260 196 
2685.5 119.8 

1060 fires / yr fires 
206000 stations station - yr 

(1) F =  = 0.005 

Non-residential Structure Fires 

The NFIRS database includes a field that describes the type of material first ignited. A search4 of 
this database determined that a gas was the type of mat&ial first ignited in 2,940 non-reqidential 
structural fires each year (1990 to 1994). The losses fiom such fires averaged $ 119,800,000 per 
year. Table 1 sunmarizes the results of this search (third column). During this same period the 
number of non-residential structural fires averaged 160,000 per year and the losses fiom these 
fires averaged $2,685,500,000 per year. (See the first column of Table 1 .) 

Table 1 .--Fire and explosion data from NFPA based on NFlRS searches 

Explosions with no 
afier fire 

1 00 
7 

86 
0,8648 

The NFIRS database track “Explosions with No Mer-Fire” separately &om fire events. Thus a 
search of non-fire events is possible4. Based on this search 100 non-residential structural 
explosions with no after fire occur are expected each year. (See the third column in Table 1.) 
The losses fiom such events average $864,800 per year. 

Gas as the First Material Ignited 

The conditional probability that a gas is the first material ignited, given that a fire has occurred, 
can be estimated fiom the data in Table 1. 

2,940 fires 
= 0.018 Ff/e - - 

Fall fires 160,000 fires (2) P f/e = 

A similar estimate can be made based on civilian deaths, civilian injuries, and property loss. These 
respective probabilities are 0.063, 0.060, and 0.045. Based on these values it can be copcluded 
that in non-residential structures, fires where gas is the first item ignited result in a proportionally 
higher number of deaths, greater number of injuries, and increased property losses than for fires 
where gas is not the first item ignited. 
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Probability of a Fire Following Gas Ignition 

Item 

Number of tires 
Civilian deaths 
Civilian injuries 
Property damage (millions) 

There are three potential outcomes when gas is ignited. 
0 An explosion with no subsequent fire 
0 An explosion followed by a fire 
0 *A fire without an explosion 

Ratio Fires with gas as first 

100 2940 0.034 
7 :I 2 0.58 

86 196 0.44 
0.8648 1 :I 9.8 0.0072 

Explosions with no 
after fire material ignited 

Table 2 presents a comparison between the data for explosions with no after fire, and 
firedexplosions where gas is the first material ignited. There: are significant discrepancies that 
must be discussed 

The property damage for gas explosions without a fire is 0.7 percent of fire/explosions that 
involve gas as the first item ignited. This is less than the 3.4 percent value based, on the 
number of events. This difference is expected since fires or explosions with an after fire are 
expected to cause more damage than explosions with no after fire. 
The civilian deaths and injuries for gas explosions without a fire is 58 and 44 percent of 
fire/explosions that involve gas as the first item ignited. This is substantially greater than the 
3.4 percent value based on the number of events. Thus events with casualties resulting fiom 
explosions with no after fire may be reported preferentially. 

Table 2.--Fire and explosion data from summarized from Attachment 1 

The second discrepancy demonstrates a widely known fact; fire: and explosions events that do not 
result in significant loses, deaths or multiple injuries often are not included in the NFIRS +ta. As 
mentions previously the NFIRS database is collection of fire department reports thus if an event is 
not reported to a fire department, it will not appear in the NFIRS database. Small loss explosions 
and fires are most likely to go unreported. In addition, the locations that are very likely to have 
explosions hazards (e.g., chemical plants, manufacturing facilities, etc.) often rely on fire brigades 
or industrial iire departments. Events that are successfidly handled by such non-public forces are 
commonly not reported. Thus, m y  fire and explosion events would be expected to go 
unreported. 

Lower Bound Estimate 

The statistics on fire/explosion events and the explosions with no after fiie events are considered 
mutually exclusive. Based on the number of reported events the conditional probability of no 
after-iire occurring for an event where gas is the first item ignited would be: 

100 events 
2,940 fires + 100 events 

= 0.033 Nn, - - 
Nf,, + Nnf 

(3) Prl, = 
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This value will be rounded to 0.03 in the presentation of the results. If the estimate is based on 
monetary loss, then: 

(4) 
$0.8648 M 

= 0.007 Lnf - Pd  = - 
Lf/, + Lnf $1 19.8 M + $0.8648 M 

The first estimate (Equation 3) is considered the more representative value and is considered a 
lower bound estimate. The second estimate based on loss data (Equation 4) is expeyted to 
contain a bias in that most explosions with no after-fire are expected to result is less damage than 
fire/explosions. 

Upper Bound Estimate 

Explosions that cause deaths or multiple injuries are more likely to be reported. Even if 
suppression assistance were not requested, fire department response would be expected to 
support coroner or insurance investigations. Thus the number of explosions that are not followed 
by a fke and result in a civilian death is expected to be representative of the overall population of 
explosions with no after fire. This conclusion allows the data in Table 1 to be adjusted to account 
for unreported explosions. 

If the probability of civilian deaths for explosions with no after fire is assumed equal to the 
probability of civilian deaths for all fires/explosions where gas was the first item ignited, then: 

Rearranging Equation 5, and including a term for unreported fires: 

(7 deaths)(2,940 fms) 
12 deaths - 100 fires = 1,600 fires D nf N f/e 

D f/e 
(6) Nncu = -Nncr = 

Thus the adjusted yearly average for the number of explosions with no after-fire (Nnf,t) is 1,700. 
A similar estimate can be made using civilian injury data. 

(7) 
(86 injuries)(2,940 fires) 

196 injuries 
- 100 fires = 1,200 fires InfNf/e 

If /e  
N n c u  = -Nncr = 

Thus based on the injury count the adjusted yearly average (Nnf,t) would be 1,300. The 
adjustment based on deaths will be used in this analysis since it is higher and will be used to create 
an upper bound estimate. The upper bound estimate for the conditional probability of a fire where 
gas is the first item ignited would be: 

1,700 fires 
2,940 fires + 1,700 fires = 0.37 Nnf - - 

Nf,, + Nnf 
(8) Pnf = 
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Nominal Estimate 

The upper and lower bound estimates fiom above can be combiied to produce a nominal 
estimate. In combining these values an exponential probability distribution for fire loss is 
assumed. Thus a log average of the upper and lower bounds is lconsiderecl a nominal estimate. 

= 0.1 1 log(0.033) + log(0.37) 
(9) P,f = logf 2 

Therefore 90 percent of the t h e  a fire would be expected following ignition of a gas. 

Explosion/Fire Frequency Estimate 

The generic fire fiequency at SRS has been demonstrated5 as 33 fireskn2-yr. This value is for 
incipient fires and includes fires fiom all causes. Thus the fiequency of an incipient fire occurring 
in a large building (27,000 m2, 290,000 ft2) can be estimated using the d o r m  fire ignition 
fiequency . 

fires 
(10) Fall fies = (27,000 m 

This fiequency estimate includes incipient fires and explosions with no d;er fire. (Le., explosions 
with no after fire were not tabulated separately.) If explosions with no after fire are treated as fire 
events then fiom the data discussed previously the probability of gas being the first item ignited is: 

2,940 + 1,700 
160,000 + 1,700 

(11) Pg = = 0.029 

The fiequency of an explosion or fire in a large building (27,000 m2) where gas is the first item 
ignited is: 

(12) Fg,fle = Fall smPg = (0.89 fires / yr)(0.029) = 0.026 fires / yr . 

The fiequency of an explosion with no after fire where gas is the fist item ignited is: 

(13) Fg,nf = Fall firesPgPd = (0.89 fires / yr)(0.029)(0.1) = 0.0026 fires / yr 

It is expected that the fiequency of an explosion followed by a fire, where gas is the first item 
ignited, will be between these two values (Equation 12 and 13). If estimated as the midpoint 
between these two values using a log average: 

events 
= 0.0082 -- 1 Yr 

log(0.026) + log(0.0026) 
2 

c 

Thus an explosion followed by a €ire, where gas is the fist item ignited, is considered an unlikely 
event as defined6 by DOE-STD-3009-94. 
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By combining the results in Equation 13 and 14 the frequency of all explosions where gas is the 
fist item ignited is: 

events events events 
F, = Fe,f/, + F&nf = 0.0082 - + 0.0026- = 0.01 1- 

Y= Yr Yr 
(15) 

This frequency estimate (Equation 15) does not include explosions where a gas is not tbe first 
time ignited. Even if such events are neglected, explosions occurring in large buildings should be 
considered anticipated events6, if safety controls and programs are limited to normal inqustrial 
practice. 

Conclusions 

It has been demonstrated that the nominal probabiJity of an explosion occurring given ignition of a 
flammable gas is 0.1. The upper and lower bound values for this estimate are 0.4 and 0.03. 

In addition, explosions in large buildings (>27,000 m2) that handle flamtnable gases have been 
shown to be anticipated events if safety precautions are limited to normal industrial practice. 
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