JPL PUBLICATION 78-51

(NASA-CP-1SRO7‘3) ENCIOSNRE FIRE HAZARL
ANALYSIS USING RELATIVE ENERGY KELEASF N79m15167
CRITERIA (Jet Propulsion Labk.) 139 ¢

HC AO3/MF A0 CSCL 21K ‘Inclas

G3/25 43363

Enclosure Fire Hazard Analysis

Using Relative Energy Release
Criteria

C. D. Coulbert

December 1, 1978

National Aeronautics and
Space Administration

Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California




—
el
-

ABSTRACT

A method for predicting the probable course of fire development in
an enclosure is presented. This fire modeling approach uses a graphic
plot of five fire development constraints, the Relative Energy Release
Criteria (RERC), to bound the heat release rates In an enclosure as a
Junction of time. The five RERC arg (1) flame spread rate, (2) fuel sur-
face area, (3) ventilation, (4) enclosure volume, and (5) total fuel
load. They may be calculated versus time based on the specified or
empirical conditions describing the specific enclosure, the fuel type
and load, and the ventilation. The calculation of these five criteria,
using the common basis of cnergy release rates versus time, provides a
unifying framework for the utilization of available experimental data
from all phases of fire development. The plot of these criteria reveals
the probable fire development envelope and indicates which fire con-
straint will be controlling during a critical time period. Examples of
RERC applic: tion to fire characterization and control and to hazard
analysis are presented along with recommendations for the further
development of the concept.
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SECTION I

INTRODUCT LON

The complexity and varfability of fire development in an enclosure
is a common observation in both controlled experimental fires and acci~
dental fires in rooms and compartments. A unique feature of enclosure
fire development, often observed, {s a sharp Invrease in fire intensity
called flashover, at which point all combustible surfaces apparently
become involved in the burning proccess. On the other hand, there may be
an initial flare-up of highly combustible fuels followed by a sharp
decrease in fire intensity. Alternatively, the fire could smolder,
go out by itself, oscillate, or develop as a steady state fire until
the fuel is exhausted. Each of thes¢ fire developments presents
different types of personal and structural hazards. The complete
development of the enclosure fire depends on the complex interaction
of the fuel load characteristics, the enclosure geometry, and the
ventilation parameters.

A considerable body of experimental data exists on different phases
of general fire development such as flame spread rates (Refs. 1-10),
wood and liquid combustion rates (Refs. 6, 11-14), and ventilation-
controlled burning rates (Refs. 11, 15). However, a problem exists in
applying these labnratory test data to the complex room fire situation.
Small-scale tests do not appear to scale reliably, and full-scale proto-
type fires have been required to investigate the above-mentioned com-
plexities (Refs, 16-22). These tests become very expensive when the
great variety of enclosures of interest is considered, ranging from
habitable rooms and compartments in homes, aircraf+, ships, and transit
vehicles to storage and cargo compartments in many shapes and sizes.

This study addresses the question, "Is there a unifying concept or
fire modeling approach which can tie together the extensive body of
experimental data for direct application to such practical flre hazard
situations in enclosures?” The result of this study is the definition of
a set of five Relative Energy Release Criteria (RERC) which provides a
means of predicting the probable course of fire development in any c¢nclo-
sure. These filve criteria are five constraints on the rate and amount of
energv released in an enclosure during a fire. Tt is intended that these
criteria utilize existing fire data and modeling studlies for cach fire
phase and combine them fn a coherent manner in order to predict the
bounds of overall fire development and associated dynamle characteristics
as a function of time from fgnition to fuel exhaustion. Calceulating the
RERC prior to a fire and defining the fire development envelope (even
approximately) for a given enclosure and fire load reveal which phase of
the fire development would be controlling during the major or critical
portion of tihe fire. The fire development envelope, thus defined, would
indicate which phase of fire development (e.g., spread or ventilation
control) would need more accurate input Information to predict the course
of the fire or which fire control or suppression method would be most
effective during the eritical phase of the fire.




Publ ished enclosure flre data (Ref. 23) indicate thit two fires
having similar heat release and temperature characteristics could present
entire s different hazards depending on whether the fire development s
fuel or ventilation controlled.  Furthermore, if people are present in
the enclosure at the beginning of the fire, the eriticeal time scale, the
desirable ventilation eriteria, and the nature of the hazard due to smoke
and heat would be quite different than for fire situations where strue-
tural damage and flire contafnment would be the primary concern,

Another area of application of the RERC s in the evaluation of
proposed fire test facilities and methods,  For instance, if passengor
seats are being burped in a test facility enclosure to evaluate maximam
rates of seat burning and smoke release, one would have Lo ensure that
the test fire ©s not ventilation controlled. This specific problem has
been recognized in studying the small-=scale simulation of room fires
(Refs. 24, 25), door areas of the small-scale enclosures were deliberately
made large relative to the rest of the enclosure due 50 the nature of the
scaling relationships for the ventilation factor AHI/ .

In this report the RERC are defined, the calculation method is
presented, and the validity range is discussed. The RERC may be readily
calculated as outlined and used to put potential fire hazards in better
perspective. Also, the RERC may possibly be used to define the validity
ranges of current testing and analysis methods. Examples of the applica-
tion of RERC to different enclosures are presented using existing pub-
lished data.




SECTION 11

RELATIVE ENFRGY RELEASE CRITERIA

it s common practice when publishing test results of fire progress
in an enclosure to present afr temperatures and fuel mass loss rates as a
function of time (Refs. 16, 17, 26, 27), In the modeling approach pro-
sented herce, however, onergy release becomes the central parameter tor
fire characterization,  The test thne periods of interest have varied
widely, In soveral reports on the analytical and oxpoerimental modeling
of gas temperatures versus time in enclosures (Refs, 28=30), the assump=-
tion was made that the fires would be well developed and ventilation
controlled (with a constant rate of heat release), and that the
periods of interest for assessing potential damage to primary structure
were many minutes or hours long. By contrast, the prototvpe room fire
tests conducted by Factory Mutual Rescarch (Ref. 19), Battelle (Ret. 18),
and Georgia Institute of Technology (Ref. 31) were not ventilation con-
trolled during the periods of interest, and the tests were terminatod
after burning times of 8 to 30 minutes. The initial progress of these
fires during the period of interest and the rate of fire buildup as
Indicated by room gas temperatures were markedly influenced by the jgni-
tion method and location as well as by the tire load characteristics.
The fact that widely differing .ime scales may be of interest can be
readily seen in afreraft cabin fires. In a fire following a survivable
crash, the critieal time poriod may be the first 2 to 5 minutes, and
toxic gas and smoke may be the critical hazards to the eseaping passen-
gersy in a similar aircraft during flight, a fire in a cargo bay or
Tavatory may require containment of heat and smoke over a period of many
minutes unt il the fire can be extinguished or until the aireraft can
make a safe landing,

In considering the wosove wide range of enclosure fire hazards and
time scales, one might ask if these situations have anvthing in common.
Can any coherent fire development description fit all these cases? After
review of the data from many fire test programs, it has been found to be
possible to define a simplificd mathematical model tor cach of the basic
constraines operating on a fire after fgnigion, all based on the common
frame of reference of energy release rate Q as a function of time t.

e is turther ancicipated that the corvesponding onclosure tempor-
atures, heat fluxes, smoke densities, and toxfe pas coacentrat fons would
alse bo direetly related to the rates of onergy release as a function of
time,  Thus, the energy release parvameters would becoms unitving factors
for characterizing all aspects of the fire hazard and possibly the focal
point for improved fire testing and scaling method developments,

A, DEFINTTTON OF THE CRITERIA
The five energy release constraints on fire development in an

enclosure are defined fn terms of three constraints on the rate of enerpy
release and two constraints on the total enerpy released.




() Flame Spread Rate.  Indtially the rate of onerpy release is
controtled by the rate of fire spread or the thame spread
veloelty,

(2) Fucl Surface Arca Limit. A second constraint on enerpy
release rate Is reached when the Clame has sproad to involye
the total fuel surface. 117 not constrained by available air,

i the fire would burn at a heat release rate proportional to

| the oxposed tuel arca.  As burning procecds, changes in fael

area and other fuel characteristies alter the heat release

rate as the fuel supply diminishes.

3 Vestilation Limit. A third constraint on enerpy release rat.
Is encountered when the combust ion becomes ventilation con-
trolled., While the fire Is veatilation controlled, the rate
of energy release in the enclosure s independent o' the fuel 4
surface limit,

y
(%) Enclosure Volame. A constraint on total energy release in y
the enclosure is due to the depletion of the initial oxyzen
supply if ventitation is limited, as in a c¢losed room or 1
sealed compartment,
(5) Fuel Load. The fifth constraint is the total fuel load. .

These five fire development constraints are called RERC because
numerical approximations of their values can be readily calculated, and
tihey can be represented graphically as shown in Figure 2-1. Using the |
initial graphical representation of the RERC, one can assess the poten-
tial importance of each constraint and review the adequacy of the values
. calculated. The relative effect of changes in the fire constraints can
' be estimated. Questions can be answered, such as whether factor-of-two
changes in flame spread rate, fuel surface area, room volume, or ventila-
tion openings would appreciably affect the fire development rate.,

Those working intimately with a particular type of tfire hazard
(eogey dwellings) or with a particular phase of fire development (e.y.,
fire spread) may question the validity or value of such a general ApPProx=
fmationy but tor specific applications, it is likely that the tfive cri-
teria are in fact being applied (Refs. 25, 27, 28), cither intuitively or
specifically, although other physical quantities are also used.  The most
vatuable application of this graphical representation mav be to new sit-
watfons (f.e.y to make order-of-magnitude estimates) and to facilitate
the application of available tire technology to new problem arcas.

B. CALCULATING AND PLOPTING THE CRTUITERLN

The Tocatfons of the five constraint curves are indepoindeat o
cach othery and their relative positions detine which particular ener;y
retedase constraint wiltl “e controlling at a particular time ot tire
development. ‘The gimptificd caleulation of ecach criterion in tereres ol
heat release rate Q versus time tois outlined below.  IThree Lvpen of
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fire parameters arce used [n the caleulation: 1) tael  haracteristics,
(2) cenclosure geometry, and (3) ventilation tactars,  the calealation of
temperatures, smoke densitics, and toxie gas concentration is disenssed
in Section 111,

1. Flame Spread Rate

If, after ignition, the ignited portion of the surtgee continues to
burn with a fixed rote of fuel consumption per unit area O/A and the {lame
front advances at a constant rate, the inervasing heao release rate in the
enclosure would be

o ]
Q. = W/ A)Ybvt

where b is the fire front iength and v is the (lame spread velocity.

This simple cxpression may become complex in a detailed analvsis because
the heat release rate Q/A, the flame front length b, md the spread
velocity v may be complex functions of local geometry, environmental con-
ditions, and time of burning. However, an initial estimate may be made
using published experimental data on flame sproad velocities over various
fuels, including liquids (Ref. 32) and solids (Rets. 4, 7, 33), and heat
release rate data such as obtained for wood cribs (Rer. 34), liquid fuels
(Ref. 34), and a varicty of solid materials,  One direct experimental
method used is thg heat release rate calorimeter (Rets, 6, 12, 22), which
provides data on 0/A as a function of time and radiant 1lux.

A simple extension of the above equation ror heat release rate may
be written to apply to a radial flame spread from an initial peint igni-
tion source.

la) o 3 Y
Q= (/A Cv-L=)
-

It fl spread rate proves to boe the eritical tive phasey as it
may in ocea -, sclosures, then specitic tall-seate nrototype data mav
be required to lefine this eriterfon more Gecuratedy,

For the cases of multiple fenition sourcen o cegquent ial fanition
of different fuel surfaces, it mav be poscibic Loocues thic enersy redease
rates directly from two separate fires in toe enciesare i the assamption
i< made that the fires are both adeguately ventitatea and not enhaneing
or hindering cach other.  For detailed anal wooy v coanunpt fon ocan be
assossed after the initial hazard anateoie SGas Doon cade to detine the
critical periods of interest,

R Fuel Surtace Area Limit

wWhen the fire has spread to fovoloe the ratar e b sartace, the
fire would burn at a4 heat redease rate op properticest to the tuel wur-
face arca Ag 1f pot constrained hoavaiba Teovaes e Fearest caanple
of surface~limited heat retease vates is thoar op Tigao! bodrocarbon pools,
for which burning in terms of suttace tegrs oiop rate i onearty oonitorm
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over the surface and, therefore, directly proportional to the pool area,
As an upper bound, the constant value of the regression rate (4,5 mm/
min) 1s generally used for pools greater than 1-m diameter (Ref., 34).
See Figure 2-2, For a pool of burning gasoline, the heat release rato
may he expressed as

= 2500 kW/m?

"h>]"h °

For wood arranged in cribs, a maximum heat release rate per unit
area of exposed wood has been measurad experimentally to be about

= 100 kW/m’

:>|H' °

f

Experimental values of heat release rates for different woods and crib
arrangements vary from 50 to 200 kW/m2 (Refs. 11, 34, 35).

Some limited data are available for solid materials such as timber
(Ref. 35), particle board (Ref. 36), and plastics (Ref. 6), including
data on heat release rate versus time and irradiation level. These data
indicate that reasonable maximum values could be defined for most materi-
als with a limited testing program. The heat release rate calorimeter
(Refs. 6, 36, 37), with provision to also measure mass loss rate, may be
a most useful test method for evaluating fuel-surface-limited burning
rates.,

A special case of fuel-srface-limited burning arises for carpet
burning, where a carpet is defiued as any thin combustible bed of fuel.
If flame spreads across a carpet at a rate v and the total heat of com-
bustion per unit area of the carpet is Q/A, then a combustion wave
(ignition, combustion, extinction) can be visualized traveling across the
carpet of width b such that the total heat release rate for rectilinear
fire spread would be

Gs = (Q/A)bv

For radfal spread from a point, the heat release rate during the time of
uniform spread would be

&s = 2m(Q/A) vt

~N
H
)
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These simple expressfions are not intended to deseribe the burning
of a carpet accurately but rather to approximate the hounding values o
heat release rate during the initial phiase of the tire and 1o Pdent [y
the controlling parameters,

3. Vent Hlation Limit

The phenomenon of venttlat fon-controlled burning has bheen well ong-
lyzed hoth expertmentally and amalytfeally,  Good correlat bog has hedy
nhtn}nud hetween wood erfh combust fon rates R and g ventilation tactor
An! whoere A fs the vent opentng arca and H {8 the vertical heipht ot
the opening (Figure 2-1),  The exnressfon for wood burning rate,

~~~~~ = 6 kp/min m~5/2

appears to be well verified by both sets of data in Figure 23 (Rots, 11
and 34).  Also, the rate of alrflow into an enclosure in which a strati-
fied layer of hot sas has boen established can be caleulated on the basis
of deasity differences within the enclosure, A relationshaip tor ¢ 1 .
Fating the maximum airflow rate m induced into the onclosaras entlyvg e
fire fs (Ref, 38)

mo= 0,145 200072y ks

<

The theoretical amount of energy released by a given woelght of air
during the combustion of an organic fuel (i.e., CxHy) varies only slight=-
ly over a range of fuels and combust ion conditions.’ Theoretical values
of heat release per unit mass of afr have been caleulated for fuels with
the hydrogen=-to-carbon ratio ranging from 1 to 4 and for combust fon
products with the carbon—monoxidc—tu-carbon—dioxidu ratio ranging from
to 0.7. The heat release caleulated for these conditions varies botween
45 and 48.3 kW-min per kiloyram of air burned,

Based on a heat release for air of 48.3 kW-min por kKilogram of ajr
burned, which can apply equally to wood and to hydrocarbons, the heat
refease rate in the enclosure corresponding to this ventilation ajef low
rate for standard conditions can be writton as

Qy = 1580 A2y

This heat release rate is nearly independent of the characterist ies o
the burning fuel and the enclosure peometry and varies littloe with the
enclosure gas temperature tf it je above 300°¢,
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The veutilation factor AH1/2 which defines the heat released in the
enclosure as well as the airflow rate into the enclosure also facili-
tates calculation of quantities such as air velocities in the vent and
air changes per minute. These latter quantities may be of interest in
analyzing enclosures with forced ventilation in addition to natural
ventilation.

For the forced ventilation case in which the air mass flow rate is
knownoin kilograms per second, the ventilation limiting heat release
rate Qy would be

Qy = 2900 hgiy kW

4, Enclosure Volume

In a closed volume or sealed compartment, the total energy released
by the fire is limited by combustion of the initially available oxygen
supply. A buoyant air circulation pattern is established by the fire in
the enclosure, and combustion continues until the air entrained in the
flame zone becomes vitiated and depleted in oxygen concentration to a
value below the lean combustion limit of the fuel. 1In experimental
studies on sealed enclosure fires at Stanford Research Institute
(Ref. 39), the oxygen concentration was found to change from an initial
21% to a final value of 11 to 15%. The value varied somewhat with fuel,

If all tic oxygen in a given volume is consumed by the spreading
flame, the total energy releasced per unit volume can be expressed approx-
imately as

t

Q Le

e .jg QQE = 58 kW-min (of air)
Ve Ve m3

based on an initfal air density of 1.2 kg/m3 and a heat release per Kilo-
gram of air equal to 48,3 kW-min.

A constraint curve for the enclosure volume criterion can be tormed
for the burning time te versus a uniform energy release rate by the
following equation:

58V,

te = .;a..
da
where 58V, is the maximum total energy which can Qv released by the
inftial volume of afr in the enclosure and where ), is the average
release rate. The hyperbolic curve thus plotted represents a burning
time constraint for a constant heat release rate {f all the air is con-
sumed. In practice, only about one-half of the oxygen in an unvent od
enclosure would be consumed; hence, the constriaint becomes O RVAUR

2-9
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The intersection of a flame spread limit curve of 65 with this
enclosure burning time curve would give the approximate duration for a
fire if it has a linearly increasing heat release rate (g versus t)
in a sealed enclosure of volume Vgo. This result is because the area
under the Qg curve up to the intersection with the enclosure curve is
equal to one-half of the value of 58Ve.

Correspondingly for fires of constant energy release In a secaled
enclosure, the burning duration is approximately one-half of the time
defined by the equation above. For ventilated compargments, the relative
locations on the RERC plot of the flame spread curve Qg, the enclosure
volume curve Qe/2, and the ventilation factor curve Qv indicates whether
the fire intensity would be aifected by the initial air supply prior to
becoming ventilation limited.

5. Fuel Load

The fuel load in an enclosure includes the furniture, the stored
items, and the combustible wall coverings as well as transient items
carried in by a room's occupants. Some materials do not burn and con-
tribute to the energy released until the fire intensity is quite high.
Nevertheless, the total fuel load can be defined as the summacion of the
heats of combustion of all the potential fuels in the enclosure. The
course of fire development may be complex, but the limiting vulue of
total heat released Q will be related to the fuel load FrAH by the
expression

Q =f0 Qdt = FpAH

where tg is the fire duration, F the fuel mass, and AH the effective low
heat of combustion per unit mass of fuel.

A constraint curve for the fuel load criterion can be formed for a
fire duration te versus a uniform energy release rate, y which is
expressed by the following equation:

te = Fm’\-“/aa

where FpAH is the total energy release of the fuel load.

2-10
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SECTION 111

FIRE CHARACTERIZATION

Detining the RERC for a specific enclosure description based on the
foregoing simplitfied quantitative relationships gives considerable insight
into the probable course of fire development in terms of heat release rate
versus time. However, the problem of predicting temperatures, smoke den-
sities, and toxic gas concentrations remains; and in terms of material
response and human hazards, these are the fire characteristics of most
importance.

The proposed approach to predicting these fire characteristics is
to use the RERC to describe an idealized fire model for which limiting
values of temperatures, smoke densities, and toxic gas concentrations can
be calculated. This approach to fire characterization provides a frame-
work and a set of coherent relationships for comparing data from different
enclosure fires and different phases of development in the same fire.
Also, it is often useful in the analysis of experimental data to form
dimensionless parameters or ratios comparing experimental measurements
with ideal or reference values of a variable. The following values of
fire characteristics may prove useful in the formation of such dimension-
less parameters.,

A. TEMPERATURE

For the enclosure fire, one ideal temperature which mav be defined
is a "mixed mean adiabatic air temperature" Tp. This is the volume-
average gas temperature which would occur in the enclosure if all the heat
released is absorbed by the initial volume of enclosure air at constant
pressure (neglecting the fuel heat capacity and heat losses to the
surroundings).  This temperature rise may be calceulated ar

e,
udt
Jo

Mg = 0
m o ©

whurx'(z is the heat release rate in the enclosure prior to the induction
of ventilation airtlow, ¢ and . are the specific heat and air density,
and V. is the enclosure air volume. It is apparent, ol course, that
actual afr temperatures fn the enclosure are also a function of stratitj-
cation, heat losses to the surroundings, and induced air ditution,
However, in the initial stages of a tire, most of the heat is used to
heat the air, and initial heat losses from the enclosure are small.,  Thus,
one could gain some insipght into the Initial rate of air temperatur vise
and the effect ot enclosure volume (e.g., test scale) on air temperature
increase,  The tormalation of a temperature stratificatfon function
(describing vortival temperature variation) and a heat transport tanetion
(deseribing initial heat Joss to walls) when combined with the T values
could vield a better approximation of the temperature distribution in an

3-1
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occupied enclosure such as an alrerafs cabin during the time period prior
to prople evacuation,

Application ot the ATy also provides an evaluation ot fire scaling
ef fects in geometrically similar enclosure fire tests., ‘The tollowing
example will demonstrate these scaling etftects.

Consider three geometrically similar enclosure fires with length
scale ratios of 1.0, 2.0, and 3.0 (Figure 3=1). The fuel bed is postu-
lated as a rectangular slab on the floor of the enclosure with a linear
flame spread velocity v of 0.2 m/min and constant value of heat release
flux Q/A of 395 kW/m2. These are material properties and are independent
of scale in this model.

If each fuel bed is ignited along one edge, the time to reach the
opposite edge tg would be lincarly related to the enclosure scale. In
this example, the fire would burn across the fuel bed in Enclosure |
in 5 minutes, 11 in 10 minutes, and 1I1 in 15 minutes. The same time
scale relationship would be true if the fire is started in one corner or
at a point in the center of the fuel bed. The value of the mixed mean
adiabatic temperature rise ATy may be calculated for the spreading fire
in the threce enclosures as

ts

‘/0 (‘\klt (&/I\)I)Vli
Al 2= rmeme = e e e f vdpe feniti
I'm Ve JeoVa (for edge ignition)

The temperature-versus-time-scale relationships for the cases ot
radial flame spread (e.g., point ignition) and for a constant heat release
rate (e.g., pan ot gasoline) have also been caleulated using the heat
release rates defined in the previous section, In each case, the tine
to reach a specitic temperature is lincarly relatoa to the enclosuare scale,
with air teaperatures rising taster in small encrosures,  The averape
air temperature Ty in the enclosure reached at a ,iven phase o tire
development  (such as tg) would be the same.  These initial temperature
caleulations may not be applicable to or vilid for temperature values
much above 300° or 4007°C because ot heat losses and ventilation ettects,
but these lower temperatures are in the range ot concern for human
tolerance to heat.

Published data and analysis methods are available tor determining
temperatures in enclosures during tullyv developed, ventilation-controlled
burning (Rets. 28, 30, 34).  These temperatures usually vary between
900° and 1200°C and are primarily a function of the ventilation tactor
AL/ 2 as well as time and wall materials. 1t is anticipated that the
temperature distribution in an onclosure as a function of time can be
pounded and characterized by an appropriate combinat ion of the caleulated
Ty values (Figure 3-1) and the caleulated ventilation=controlled tempera-
ture values as available from existing analvais methods,  This aspect of

}-2




ATm

&/A - 395 kW/m? m M M

v + 0.2 m/min
b=1.0m 2 2 2 ”,'
¢ - 0.0167 kW=min/kg-"C Ag 1.0m Ay 40m A 9m 1
p=1.2kg/m3 V,c68md Vv, -545md V, - 1839 m®
p
1300111111||l||1|l||||1
|
1200 |~ - - - -
100 - -
MAXIMUM TEMPERATURE IN .4
VENT-CONTROLLED FIRES
~ *
. B
° -
E
d
" -
3
& .
=]
-
-]
K -
s
o
E‘ -t
<
L
V.o
TIME ¢, min

Figure 3-1.

. (G/A) b2

ENCLOSURE T

ENCLOSURE I

2¢cpV ENCLOSURE I

Calculated Mixed Mean Adiabatic Air Temperature Rise In
Three Geometrically Similar Enclosure Fires




fire characterization requires further investigation, as does the possible
relationship between a suitably modified Ty value and the flashover
phenomenon.

B, SMOKE AND TOXIC GASES

The quantity of smoke and toxic gas released during burning mav bhe
treated In a manner similar to the above analysis for temperatures.  The
quantities of smoke and toxic gases released per unit mass o) tucl are
subject to a wide range of variability. However, they tend to be uniquely
related to each phase of fire development. For exampl during initial
fire spread, the fuel tends to be cold and there is cxcess ventilation,
which would yield specific gas and smoke evolution characteristics.

During a period of ventilation-controlled burning, the fuel would be

heated by feedback from the hot trapped gases and there would be a short-
age of air. The volatile product and smoke yield for this situation may
possibly be directly related to the ratio between the potential heat
release rate Qf as defined by the fuel surface area and _the vent-controlled
heat release rate defined by the induced air supply Q¢/Qy, both ot which
can be calculated regardless o which constraint is controlling.

The fraction smoke yield (designated as I') of several fucl] miterials,
in terms of solid and condensible liquid products, has been measured
(Refs. 40, 41) and falls in the range of 10 to 30% of the mass ot tuel
consumed.

As defined by Seader and Chien (Ref. 40), the mass optical density
MUD may be a useful experimental correlating parameter which would be
directly related to the mass rate of burning during a particular phase
of burning. It is defined by the relation

D Af Va Io
MOD = T L 10g1063-)

where Dy is the smoke=specific optical density determined in a Natfonal
Burcau of Standards smoke chamber, m is the fuel mass loss, L is the Fight
beam length (or visual path), and lo/l is the reciprocal of light
transmittance (e.g., for 257 light transmitted, the value of I/ 1T would

be 4.0).

The fuel mass loss in this case is the same mass loss measured in
a fuel combustion experiment to measure heat releasc. Theretfore, the
initial rate ol smoke generation can be related direct Iv to the Fate o
heat release Qg 11 both are proportional to the rate of mass loss = odur ing
burning. That is, the total mass of smoke is related to the burning rate
and heat release rate by

0
smoke mass / = 1Qdt
P = fmdt = Sy
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I the mass of smoke released in the enclosure s uniformly distributed
prior to dilution by induced air and Lf an applicable experimental value
of MOD is avallable for the fuel of interest, then the average light
transmission (n the enclosure as a function of time can be calculated
trom the above relationships as follows:

t

1 .
log ~¥ = MOD &' / mdt
(S Jo

Although this Idealized value does not exist iu pencral, the effects of
varying heau release rate, enclosure volume, path length, and smoke
fraction can be assessed.  The application ot an appropriate stratification
factor would yield more realistic estimates ot smoke distribution as a
function of time during the initial tire spread phase along with the
estimate of air temperature risce.

The value of toxic gas concentration could be treated in a similar
manner during the initial fire spread phase. 1t the combustion or
pyrolysis of a given mass of fuel yields a known weight of toxic product
(such as CO or HCl), its average concentration is proportional to the
total mass of fuel consumed Sfmdt and inversely proportional to the
enclosure volume V,. Again, it is anticipated that during ventilation-
controlled burning the ratio of rthe ventilation factor to the fuel area
can uniquely control the toxic gas yield, composition, and distribution.

The complex relationships and feedback functions which would exist
in an enclosure among fuel composition, flame spread rates, air tempera-
tures, time, and the heat release functions are the subject of continuing
study. However, it is believed that these idealized fire characterization
relationships can provide a coherent unifying framework for integrating
experimental data from a variety of material tests and prototype cnclosure
fires.

Liatais of




SECTLON LV

HAZARD ANALYSIS AND FIRE CONTROL

Two general categories of fire hazards arc the hazards tH humans
and the hazards to miterials and structures., In general, humans are more
sensitive and casily damaged than Structures.  However, people can usually
be oevacuated from the fire vicinity in a short time and without the fire
necessarily bheing under control,

Fire control may include containment within the enclosure as well
as extinguishment. This often includes appropriately controlling and
altering the enclosure ventilation, efther to gain access to the fire or
to exclude air and prevent fire, smoke, or toxic gas from spreading to
adjacent areas,

Calculating and plotting the RERC can assist in characterizing the
fire hazards and assessing the effects of various fire control options
during the applicable time periods of interest. In one sense, this anal-~
ysis approach does not add anything new to existing fire technology
since it relies on existing data, testing methods, and fire control tech-
niques to provide answers.  However, this analysis approach provides a
unifying framework for data presentation and graphically relates the
different phases of potential fire development, making it possible to
apply data from a variety of sources to hoth fam{liar and new fire situa=-
tions as well as to make preliminary hazard assessments and define the
need for more specific data and testing techniques,

Two examples of the application of the RERC are presented and dig-
cussed to demonstrate their application to existing data and to hypotheti-
cal situations.

A, EXPERIMENTAL FIRES IN ENCLOSURES  (EXAMPLE 1)

Two well-documented studies of experimental fires in enclosures are
presented by Tewarson (Factory Mutual Rescarch) in References 12 and 23,
Data are included for three fuels: wood, ethyl alcohol, and paraffin oil,
These fnvestigations were undertaken to study the generation of smoke and
toxic products under various conditions with the ultimate objective of
establishing appropriate scaling parameters for building and laboratory
enclosure fires.

Tewarson's values of enclosure volume, fuel chnracturiaticq, and
ventitation factors have been used to calculate the five RERC values and
to plot them for one wood crib fire as shown in Figure 4-1. Heat release
and fire spread rates for the wood cribs were estimated from the given
fuel mass values and from maximum equivaloent burning rate data from
Reference 34, which provides applicable data on erib burning characterig-
ties,  The experimental burning rate-versus-time data, which appear to
have a cyvlivovharnvtoristic (Ref. 23), are plotted in Figure 4-1 as heat
release rate () using a heat of combust fon for wood of 270 kW-min/ky. The
value used for flame spread rate through the crib is probably the least
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Figure 4-=1. Enclosure Fire Wood Burning Rate=Time Profile From Factory
Mutual Rescarch Experiments (Ref. 23) Compared With Caleu-
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accurate of the eriteria shown because the detatls of the wood erib
configurat fon were pot given,

Examinat fon of the praphical RERC presentation in Figure a=1 roeveals
several flre charactoristics whivh are veritioed by the background data
included in the Factory Mutual paper. Light s also shed on one possible
mechanism of fire periodicity,  The most notable characteristic of the
crib burn rate gurve shown s that it initially exeeeds the ventilat ion
Limit criteria Qy. However, this result s consistont with the manner in
which the erib was fgnited with acetone-soaked cotton balls placed at the
bottom of the erib.  The RERC plot tndicates that the erib was not come
pletely aflame when the ventilat fon constraint was reached.  Becausie the L
crib was ignited from the bottom, the hoat released by the lower erib
material heated and pyvrolyzed the upper erib material, releasing unburned
volatiles. Thus, the exeess heat release indicated by the experimental
welight=loss rate curve represents combust fble gases evolved which would
exit the enclosure unburned and probably burn outside where additional

air is available. This is consistent with the discussion and gas com- 1

gosjtion data in Tewarson's report and with the large value of the ratio 4

Qf/Qy.  LExamination of data for the other conditions of fire load and

ventilation reveals several cases for which the total fire load ¥y is 1

insufficient to establish ventilation-controlled burning cven though the

fuel surface arca may have been adequate., i
4

A possible explanation of the eyellc characteristic in Figure 4-1

Is the gradual reduction in flame and air Lemperatures due to the buildup
of a fuel=rich condition in the enclosure with an oxcess volatile gas out-
flow. The consequent reduction in induced air and henee reduction in
heat release rate, along with the net reduction in material available for
volatilization, would cause a decrease in both mass loss rate and fire
intensity. As the volatile gas outflow decreases, an increase in induced
air and higher consequent flame temperatures can cause an invgonsv in
burning rate again and nnnghvr burn eveleo  The value of the Q burn rate
curve remaining above the Qy criteria curve would indicate continning
excess volatilization.  PFor other fucel loads, ditterent orib configura-
tions, and difierent points ot ignition, one might expect ditfoerent burn-
ing rate-versus=-time profiles.

The Factory Mutual data also confirm the expectation that maximum
enclosure temperatures would result as the ra ‘)t/()v approaches a value
of 1.0 (Ret. 30),

The location of the cnelosure volume constraint . in Figure 4-

indicates such a small initial volume of aiv available in the enelosure
that the apparent excess heat release rate cannot be attr ibiuted Lo it

combust ion,

B. HYPOTHETICAL ROOM FIRE (EXAMPLE 2)

The enclosure deseribed o Figure 4=2 represents soveral possible
enclosures and variations theroot, T might be visualized as Tiving
room, an aireratt cabin, a transit vehicle, or a storasge compartment .
The sketeh has been stmplitiod, but several added complesitiog (oL,
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Relative Energy Release Criteria (Example

Figure 4=2,
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more scats or spllled gasoline) may be evialuated directly using the PRRC
as calceulated and plotted in Flpure 4-13,

For the purposce of fllustrat ing several fire development phenomena,
somewhat arbitrary values of the fire parameters and material properties
have been postulated,  The burning characterfsties of the seat have bheen
simulated for a 21-kg wool erih (Ref, 34).  Thas, the following parametoers
have been defined for this examplos

Enelosure Parametoers

Room dimensions = 4.0 x 2,3 x 3

Enclosure volume Vo = 27.6 m}

Total energy released @, = 58V, = 1600 kW=-min
., KW=min , i
Aflr ¢ = 0,017 ’l;g_'_a'(: o = 1.2 kg/m;

Fuel Parameters

(1) Carpuot

.

Dimensions = 4.0 x 2, 3m
Aroa Af = 9,2 nd
Fuel mass per surtace area /Ay = 1.9 Ky /me~ ‘
Flame sproead rate v o= 0012 m/min
Heat release rate Q/A = 100 kW/m?
Fuel mass Fyo+ (1.9 (902) = 13,8 ke
Hoat of combust fon AH = 270 kW-min/kg
Fuel load MHEy, = 3726 kW-min
() Seat (equivalent wood eriby Ref. 27)

Pucl mass by o= 21 ke

Maximum burning vate R 3 kp/min
Masimum heat release rate l'} = MR = () L70) - 8o kW
Fuel load poer scat HEy, 1 70 kKW-min

() Gasotine Pool

4]
Poal burning Q= 2500 KW/ me

e

Fael Joad AHEy 106 KW-nin
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Ventilation Factors AH]{E

(1) Door

Dimensions = 2.6 x 1.0 m

a2 = 2) (1) 212y = 2,83 m5/2, Q, = 4471 KW
(2) Window

Dimensions = 1.0 x 1.0 m

AH]/Z = 1.0 m5/2’ av

1580 kW
(3) Small vent
Dimensions = 0.2 x 0.5 m

AHL/2 = 0,044 m5/2, O, = 69.5 kw

The RERC for this example have been plotted using log-log coordi-
nates to allow consideration of a wider range of parameter values.

If the fire is ignited at a point in the center of the carpet and
spreads radially, the initial spread-limited heat release rate is

3s = (@/n)mv2e2
or

8, = (100) (1) (0.12)2¢? = 4.52¢% kW

>

Since the fuel mass per unit arca of the carpet s timited to
1.5 kg/m2, the maximum total heat release per unit area O/A would be
limited to 405 kW-min/mZ.  As the flame continues to spread, it becomes
limited by the expression

Qg = 20(Q/A) vt = 3.6t

These two timits and their intorscetion are shown in Figure 4=1,

The intersection of the two heat rolease rate limits occeurs at 8.1 minutes,

The value of the mised mean adiabatic temperature risc “Te can be
calceulated as described previoustve 1t mav be more usctul to cateuiate
the time at which ATy would exceed some specificd value, such as OV Gy
which would be based on the temperature rise equation for flame radial
spread over the carpet alone.




[ 2 3
ATy = @Q/A)avee? g3

or the time to reach 300°C

, 1/3
t = (QQQ") = 4,54 min

The relative effect of changes in heat release rate, flame spread velo-
city, or enclosure volume may be ¢stimated from the above expression.

The enclosure volume criterion curve is plotted from the
expression

On the log-log coordinates, this curve is a line through 6 = 1600 kW at

t = 1.0 min with a negative slope of 1.0. 1In a similar manner, the tuel
load curves may be added to the graph as shown. The fuel load curves tor
the carpet alone, for one seat, and for the carpet plus two scats have
been plotted. The fuel surface-limited heat release rate curves tor the
seat (wood crib) and for a gasoline pool have been plotted as it values
on the left side of the figure; the values can be summed as appropriato.

The .entilation limit curves for the door, window, and ven. ave
been plotted on the right-hand side of the figure based on the expression
for ventilation=controlled heat reloase rate

1/2

Gy = 1580AH " kW

The five RERC plotted in the manner presented in Figure S-3 mav aow I
used Lo evaluate several fire scenarios and fire control optionn. A o
per of preliminary obscervations are out!lined below,  These are based ca
greatiy simplified assumptions as noted.,  Complexities and sophistication
may be added as the eritical tire phase is identiticd and as ava i Lad
data warrant,

(1) For the carpet alone burning, room ventilation would not
affect the fire spread and heat release tor the tivst / min-
utes because of the adequate initial air supplv. fherotore,
opening the door to gain aceess or escipe would net atter
fire intensity., Closing otf all vent ilation woutd ot abtey
the fire progress until after the tirst 7ominntes,

(2) For the carpet and one scat fully involved with ventilatio
provided only by the open window, the masimum heot tooea o




:

rate would remain fuel surface controlled; hence, heat release
would not be altered by further increase in ventilation. Lf
the seat becomes fully involved within 1 minute after ignition,
it would burn for about 7 minutes or less at the maximum heat
release rate,

(3) For burning gasoline spread over a 1 m? area the tire becomes
ventilation controlled by window=-only ventilation. It the
door is also opened, fire intensity in the enclosure would
increase; with the door closed and the window open, vaporized
unburned gasoline would exit the window resulting in flames
outside the enclosure.

(4) The fire due to any combination of fuels which is ventilated
only by a small opening (AHl/2 = 0.044) would develop until
it encountered the enclosure volume constraint, and then it
would reduce in intensity to the heat release rate determined
by the ventilation limit (év = 69.5 kW). However, excess
volatiles would probably cause either fire oscillation or
flaming outside the enclosure. The duration of the fire
would be approximated by the intersection of the vent 1imit
curve with the appropriate fuel load curves. For the carpet
pilus two seats, the burning time could extend over 3 hours.

Various heat-release-rate time profiles could be approximated by
summing individual heat-release-rate protiles if the sequences of igni-
tion and flame spread rates could be approximated. Using the eriteria in
Figure 4-3 and a postulated heat release profile for a single seot (such
as could be measured in a laboratory test), a number of fire scenarios
may be examined. Figure 4-4 presents one potential fire development:
profile based on the [ollowing postulates:

@) The fire §s initiated at one end of the enclosure by 1 liter
- : . ‘) s .
of gasoline spilled over a 1 m= arca and ignited.

2) The enclosure ventilation is one window.

(3) Two seats, side by side, are ltocated with the side o
the first scat at 1o) m rfrom the spilted pgasoline .

(4) The total fuel load consists ot Lh('cg;molim‘, carpet, aend
LW)Hwns;hmm=ﬁruhm kW=-min = JQdt

(») The carpet burning rate atter the flane spreads to the
will becomes constant as it burns the lengtn ot rhe room:

Qo= (Q/A)bv = 17 kW

Examinat ion ot the composite fire development profile in Figure -4

indicates that with the window open the fire would alwivs oe o SR TR

controlled,  The initial tlasn tire due to the 1 oliter of o @i [RITR Y

Last Tess than 1 minute and would not bhe ventilatio, Finted hoo inee e
4=9
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Figure 4=4. Hypothetical Room Fire Development Protile (Exampic 2y
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gasoline fuel load (Q = 566 kW-min) is much less than half the enclosure
volume limit (Qc = 1600 kW-min). The calculated mixed mean adiabatic air
temperature rise AT, would be approximately 1000°C within a few scconds
due to the gasoline. This is consistent with an almost explosive effect
in the room if 1 liter of gasoline is spilled on the carpet and ignited.
After the first minute, the fire would reduce to burning at a relatively
low heat release rate until the seats ignite. If the alr temperature is
being monitored in an actual fire of this type, one would expect an ini-
tial air temperature surge followed by a marked reduction due to heat
losses and a subsequent steady rise in alr temperature with continued
carpet and seat burning. This type of fire response has been reported
for several test fire situations (Refs. 17, 18, 34).

A=11




SECTLION V

CUNCLUS1ONS

V. CONCLUSLONS

This report presents an enclosure fire modeling approach based on
the graphic presentation of five relative encrgy release eriteria (RERC)
which individually constrain the rate and the total amount of energy
roleased during the course of an enclosure fire. This fire analysis
approach does not replace or supersede existing fire analyses but
provides a coherent unifying framework or common base for relating and
integrating available data and analyses for different fire pbases.

In this analytical approach, simplified definitions are presented !
for fire characterization parameters and their interrelationships which
control the tire development and the consequent gas temperatures, smoke
densities, and toxic gas concentrations.

The effects of heat transport phenomena, fluid flow patterns,
complex interactions, and feedback effects have ~ot been considered in
dotail. These etftfects have been investigated by others for specific
fire situations, and in some cases their results may be used directly
in the present modeling approach.

Ihis modeling approach is adaptable to computer progprammings the
real complexities may be e luded when warranted and feasible.

The tvpes of tire test Jita and material properties which way be
o1 most value in predicting tire development are supsrested. A heat
Foleane rate alorincter with the capability ot alsoe measuring nass
loss rFite, toxic ndases, and swoke production trom materials and
component s having irreyular peometry could be used to provice data for
application to a wide variety ot complex enclosures and tire loads.

Piie analstical approca can be direot D, used dn its preseal ol
Lo assens the validite ot assapt fons made Tnocurrent tull=-seale test
pethods.  Witi turther developrent y better catinuites for temperatures,
moke densities, and tonie pan concentrat jons would be possible. Uther
Pire phenomend such oo tlashover and perfodicity may alce viclhd to more
complete analvsin Umigg Chis sedeling approas b
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SECTION VII

NOMENCLATURE

Ventilation opening area, m?

Fuel surface area, m

Flame fronc length, m

Specific heat at constant pressure, kW-min/kg-°C
Smoke specific density

Fuel mass, kg J

Gravitational constant, 9.8 m/s2 ‘
Vertical dimension of ventilation opening, m

Heat of combustion, kW-min/kg i

(
Radiant intensity ratio o
Proportionality factors in consistent units !
Optical path length, m j

Fuel mass loss, kg
Mass flow of air, kg/s
Total heat released, kW/min

Total heat released by complete combustion of air in
enclosure, kW-min

Total heat released by complete combustion of unit area of
fuel carpet; a material property, kW-min/m2

Heat release rate, kW

Average rate of heat release, kW

Fuel surface-controlled heat relecase rate, kW
Heat release rate during flame spreading, kW
Vent Llation-controlled heat releasce rate, kW

Heat release rate per unit areas a material property,
kW/m2
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Fuel burning rate, kg/min

Temperature, °C

Mixed mean adiahatic temperature rise, °C

Burning time, min

Fire duration, min

Time for fire to spread to total fuel surface, min

Enclosure volume, m3

Flame spread velocity, m/min

Fraction of fuel evolved as smoke

Air density, kg/m3
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