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ABSTRACT

Heat release rates of typical items in fires are needed
as a prerequisite for estimating fire growth and
temperatures in structural fires. That is, these burning
rates are required to be specified by the user as input to
single-room and multi-room structural fire computer codes
like FPETool, FASTLite and HAZARD. Data are given
here that permit buming items to be specified in a useful
modeled way, taking a t*-fire for the growth and decay
periods, with a constant maximum heat release rate
between these two periods.

INTRODUCTION

Computer codes are available that permit calculations
to be made of the effect of a given specified fire on the
subsequent environment in a structural fire. Things like
temperature of the smoke layer, its depth from the ceiling
downwards, its optical density, ceiling, wall and floor
temperatures, floor surface heat flux rate, etc are
calculated a a function of time in all the rooms of a typical
multi-room structural fire. However, the accuracy of these
calculations is strongly dependent upon the correctness of
the initial fire specifications.

Heat release rates of typical items in fires are needed
as a prerequisite for estimating fire growth and
temperatures in structural fires. That is, these burning rates
are required to be specified by the user as input to single-
room and multi-room structural fire computer codes like
FPETool, FASTLite and HAZARD, see Bukowski et al
(1989), Peacock et al (1994), and Portier et al (1996).
Data are given here that permit burning items to be
specified in a useful modeled way, taking a t>-fire for the
growth and decay periods, with a constant maximum heat
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release rate between these two periods. A vast range of
many items are considered. Detailed tabulation and
graphic display of the parameters (for each item during
experimental burns) permits fire modelers to initiate
calculations. Further knowledge enables the deduction of
when second and subsequent items may become involved,
whether flashover may occur, and when conditions may
become untenable. Thus, it is clear that many important
phenomena that are calculated in fires depend on the
quality and accuracy of the initial burn specification.

FUNDAMENTALS

Typically, the heat release rate (heat energy evolving
on a per unit time basis) of a fire Q (kW) changes as the
size of the fire changes, as a function of time t (seconds)
after fire ignition. That is, the variation of " Q" versus "t"

is extremely important in characterizing the rate of growth
of a fire.

Data are available for heat release rate vs. time for
many items, see for example Babrauskas and Grayson
(1992), SFPE (1995) and the data base in Bukowski et al.
(1989).  Furniture calorimeter and cone calorimeter
measurements are available, with data specifically for:

Pools, liquid or plastic

Cribs (regular array of sticks)
Wood pallets

Upholstered furniture
Mattresses

Pillows

Wardrobes (closets)
Television sets

Christmas trees



Curtains (drapes)

Electric cable trays

Trash bags and containers
Industrial rack-stored commodities

Notice that although data may well be available from
careful laboratory experiments, the data may not apply
directly to real-world fire situations. The laboratory data
does not usually take into account the enhancement of
burning rates because of radiation feedback.

Full-scale furniture calorimeter tests give useful
information on the buming rates of many typical
household items. Peak heating values are particularly
useful to know, since in some cases a triangular heat
release rate vs. time representation can be utilized for
simplicity. Upholstered furniture - wood frame, with fire-
retardant polyurethane padding and olefin cover fabric -
show peak heat release rates as follows:

F21 Chair 2100 kW  at260s
F31 Loveseat 2886 kW at230s
F32 Sofa 3120kwW  at2l15s

The F number used here corresponds to the particular
experiment performed, see Bukowski (1989). Other useful
peak heat release rates:

Mattress and boxspring 660 kW at910s
Curtain, cotton, 1.87 kg 240 kW at175s
Wastepaper basket, 0.93 kg 15 kW at350s
Television, 39.8 kg 290 kW at670 s
Cooking oil, corn, cottonseed,

etc. 12-inch pan 116 kW constant
Christmas tree, spruce, 7 kg 650 kW at 350 s

and the values help to visualize the differences between
the items under burning conditions.

Of special concern in fire investigation and computer
reconstruction of building fires is the use of accelerants.
Liquid fuels are often preferred. They are used to
accelerate the development of the fire, as indicated by
temperature and spreading rates. On the practical
investigative side, features often include: low burns, high
temperatures at low hidden locations, rapid house fire
development, and particular flame and smoke colors seen
by witnesses. Burning rates of liquid pool fires are
available in SFPE (1995)..

POOL FIRES

The thermal radiation hazards from hydrocarbon spill
fires depend on a number of parameters, including the
composition of the hydrocarbon, the size and shape of the
fire, the duration of the fire, its proximity to the object at
risk, and the thermal characteristics of the object exposed
to the fire. The state of the art of predicting the thermal
environment of hydrocarbon spill fires consists essentially
of semiempirical methods, some of which are based on
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experimental data from small- and medium-scale tests.
Needless to day, such semiempirical methods are always
subject to uncertainties when experimental data from
small-scale fires are extrapolated to predict the thermal
properties of very large-scale fires.

A systematic study of liquid hydrocarbon pool fires
over the widest range of pool diameters was conducted by
Blinov and Khudiakov. Gasoline, tractor kerosene, diesel
oil, and solar oil (and, to a limited extent, houschold

- kerosene and transformer oil) were burned in cylindrical

pans (depth not indicated) of diameters 0.37 cm to 22.9
meters. Liquid burning rates and flame heights were
measured, and visual and photographic observations of the
flames were recorded. Hottel plotted these data and the
results are shown in the Figure. The lower curve of this
figure shows the variation of burning velocity (in
meters/second of depth burning) as a function of the pan
diameter. The upper curves give the ratio of flame height
to flame diameter as a function of the pan diameter. The
diagonal lines on the lower curves represent lines of
constant Reynolds numbers, based on pan diameter.

Useful information about the rate of burning of pool
fires is readily available in Tables, see SFPE (1995) for
example, via the mass consumed per unit area per unit
time. From the energy per unit mass values also given,
one can readily compute the heat release rate Q in kW, or
in Btu per hour since 100,000 Btu/hr = 29.31 kW. It may
be noted that for pool diameters less than 1 meter, the
burning rate expression is reduced because of a reduction
in radiation feedback.

THE t*-FIRE GROWTH MODEL

Emphasis is often placed on the growth phase of the
fire. Slow, medium, fast and ultra-fast fire growths may be

specified by the t*-fire growth model, where, after an
initial incubation period, '

Q = aflt-to)

where af is a fire-growth coefficient (kW/s?) and tq, is the
length of the incubation period (s). The coefficient af

appears to lie in the range 107 kW/s? for very slowly
developing fires to 1 kW/s? for very fast fire growth. The
incubation period (tg) will depend on the nature of the
ignition'source and its location, but data are now becoming
available (see Babrauskas) on fire growth rates on single
items of furniture (upholstered chairs, beds, etc.) which
may be quantified in these terms. Suggested values for the
coefficient af are also given in the formula section of
Makefire - a subset of the FPETool Computer Program.
The specification there for the fire-growth coefficient af

(kW/s?) is:

Slow 0.002778 kW/s?
Medium 0.011111 kw/s?




Fast 0.044444 kW/s?
Ultra-fast 0.177778 kW/s?

and these correspond to growth times of the fire from zero
size to 1 MW total heat output in

Slow 600 seconds
Medium 300 seconds
Fast 150 seconds
Ultra-fast 75 seconds

BURNING RATES OF TYPICAL ITEMS

Experimental data are available for a variety of items,
giving heat release rate Q (kW) vs time (seconds). Each
of these graphs is in conformity with several parameters
that completely characterize the situation, as given in
Figure 1:

to time to the onset of ignition
t;mw time to reach 1 MW
tio level-off time

ty  time at which Q decay begins
taq  time at which Q equals zero
ty growth time = t; yw — to

Notice that both the ascent and decent are characterized by
t*-fire activity:

. _
Q =out" wheret=t-t,

Q = oy’ where t = tq—t

where o, and o4 are the fire-growth and fire-decay
coefficients (kW/s?), respectively.

These heat release rates Q (in kW) vs time t (in
seconds) are active only in the growth (t, <t <t t,) and
decay (tg <t < teq), respectively. The maximum heat
release rate Q max (KW) occurs when t;, <t < tg. The
growth time to reach 1 MW = 1,000 kW of heat release
rate Q is t, yw — t, Seconds, and this is related to the fire-
growth parameter o, (kW/s’) via

ot = 1000 / (t) mw — o).
Simularly the fire-decay parameter oy (kW/s®) is found via
Qg = Q max/(tend - td)z'

Also note that the maximum heat release rate Q max (KW)
is related to other parameters via:

Q max 1000[(t60 - to)/(tl MW — t0)]2~
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In order to characterize in the above fashion the actual
experimental data of heat release rate versus time, one
proceeds as follows:

1. First, one decides the values to be taken for the
three key parameters Q n (maximum heat

release rate), ty, (time to reach Q na) and tg (time
to start decay). Adjustments are made in order to
ensure that the modeled total heat release during
the time interval of from t, to ty seconds matches
the experiment to within 0.1 percent.

2. Then, the time to onset of ignition t, with
associated value of fire-growth parameter a, is
chosen so as to match the total heat release during
the growth phase of from t, to t, seconds. The
correspondence of &, t;, and «, is automatic since
a t-fire growth is being assumed.

3. Finally, the end time t.,q with associated value of
fire-decay parameter o is chosen so as to match
the total heat release during the decay phase of
from t; to t,g seconds. Again, the
correspondence of ty, teg and oy is automatic
since a t’-fire decay is being assumed.

Modeled data are given for heat release rate Q (kW)
vs. time (seconds) in Tables A, B, C and D respectively as
follows:

1. Fumiture calorimeter data from FASTLite (see
Portier et al, 1996).

2. Furniture calorimeter data from HAZARD (see
Peacock et al, 1994).

3. Fumniture calorimeter data from Building and Fire
Research Laboratory (see BFRL Website, 1999).

4. Cone calorimeter data from HAZARD (see
Peacock et al, 1994),

The data are also given in Figures as follows:

Table A, see Figures A1 through A34.
Table B, see Figures B1 through B21.
Table C, see Figures C1 through C10.
Table D, see Fgiures D1 through D25.

A}&N:—-

Careful perusal and interpretation of the figures will
enable the discerning reader to deduce what the values of
the defining parameters are. However, for completeness,
the data are given directly in the extensive Tables A, B, C,

and D in numerical form. Finally Q vs. tis given by

Q=0 0<t<t,
Q = (t-1)’ to<t<t
Q =, (to - 1)’ o St<ty
Q =0y (tena = t)° tg <t
Q=0 tena < t < Infinity

with the parameters taken directly from the Tables for the
particular item under consideration.



WHAT HAPPENS NEXT?

During the course of the burning of the first item of
furniture in a room, as specified from data such as that just
presented in the Table, one of several things might occur.
The above has provided information about the burning rate
(heat release rate vs. time) of a single specified item in the
burn room. What happens next? Either the item burns out
without further damage to the surroundings, or one or
more nearby items ignite and add fuel to the fire. This can
be by direct flame contact (if the second item is judged to
be sufficiently close) or, more usually, by radiant heat
energy becoming sufficiently large on the surface of the
second item. Direct flame contact requires time to
pyrolyze the fuel and time to heat the gases produced to
their ignition temperature. The radiant flux ignition
problem is a very complicated issue, and depends on many
factors. The radiant energy comes from the flame above
the first item, the upper layer and room surfaces, but
simplifying assumptions are sometimes used. As the
radiant energy flux rate increases from the first item to the
second, often a simple criterion for ignition of the latter is
used. A good approximation is that the radiant heat flux
(arriving on the surface of the second item) necessary to
ignite the second item is:

10 kW/m? eaSin ignitable items, such as thin
’ curtains or loose newsprint
20 kW/m? normal items, such as upholstered
furniture
40 kW/m? difficult to ignite items, such as wood of

0.5 inch or greater thickness

In actuality, ignition is not immediate when the
particular level of incident radiant heat flux reaches 10, 20
or 40 kW/m? respectively for easy, normal and difficult to
ignite items. These values are used as simple rules of
thumb in applied calculations, see Lilley (1995).
Fundamental ignition principles, outlined for example in
SFPE (1995), suggest that, for fire initiation, a material
has to be heated above its critical heat flux CHF value
(CHF value is related to the fire point). It was found that,
as the surface is exposed to heat flux, initially most of the
heat is transferred to the interior of the material. The
ignition principles suggest that the rate with which heat is
transferred depends on the ignition temperature T,
ambient temperature T,, material thermal conductivity k,
material specific heat c,, and the material density p. The
combined effects are expressed by a parameter defined at
the Thermal Response Parameter (TRP) of the material

TRP = ATy / kpey

where AT;(= Ty, - Ta) is the ignition temperature above
ambient in degrees K, k is in kW/m-K, p is in kg/m’, Cp is
in kJ/kg-K, and TRP is in kW-s"*/m® The TRP is a very
. useful parameter for the engineering calculations to assess
resistance of ignition and fire propagation in as-yet

(c)2000 American Institute of Aeronautics & Astronautics or published with permission of author(s) and/or author(s)’ sponsoring organization.

uninvolved items. The ignition principles suggest that, for
thermally thick materials, the inverse of the square root of
time to ignition is expected to be a linear function of the
difference between the external heat flux and the CHF
value

T Va7 w(a, - cr)

Tt TRP

ig

where t;, is time to ignition sec, q: is the external heat

flux kW/m?, and CHF is in kW/m%. Most commonly used
materials behave as thermally thick materials and satisfy
this equation.

The Critical Heat Flux and the Thermal Response
Parameter values for materials derived from the ignition
data measured in the Flammability Apparatus and the
Cone Calorimeter, by Scudamore et al (1991, are given in
Lilley (1998). He also shows in Tables and Figures how
the ignition time t;; may be determined from the heat flux
q" and the Critical Heat Flux CHF and Thermal Response

Parameter TRP. Complete data are given in Lilley (1998)
so as to enable the ignitability question to be determined
quickly. Readers are directed to that study to see fully
how the size and material of a pool fire determines the

total heat release Q, the heat flux ¢" on a target fuel, and
the time required for ignition to occur.

FLASHOVER

Whether or not "flashover” occurs during the course
of a fire is one of the most important outcomes of a fire
calculation.  Flashover is characterized by the rapid
transition in fire behavior from localized burning of fuel to
the involvement of all combustibles in the enclosure. High
radiation heat transfer levels from the original burning
item, the flame and plume directly above it, and the hot
smoke layer spreading across the ceiling are all considered
to be responsible for the heating of the other items in the
room, leading to their ignition. Warning signs are heat
build-up and "rollover" (small, sporadic flashes of flame
that appear near ceiling level or at the top of open
doorways or windows of smoke-filled rooms). Factors
affecting flashover include room size, ceiling and wall
conductivity and flammability, and heat- and smoke-
producing quality of room contents. Further research
studies relating to this topic include Kim and Lilley (1997
and 1999), and Lilley (1995, 1997 and 1998).

CLOSURE

The ability to determine fire growth in terms of when
the second and subsequent objects may ignite (and their
burning rates) and whether or not "flashover" occurs
depends strongly on the initial fire specification. The
focus of this entire document was to characterize the initial



item on fire (in terms of burning rate versus time) so as to
more accurately be able to calculate fire growth and the
. possible occurrence of flashover.

Heat release rates of typical items in fires were needed
as a prerequisite for estimating fire growth and
temperatures in structural fires. That is, these burning
rates were required to be specified by the user as input to
single-room and multi-room structural fire computer codes
like FPETool, FASTLife and HAZARD. Data was given
here that permit burning items to be specified in a permit
burning items to be specified in a useful modeled way,
taking a t>-fire for the growth and decay periods, with a
constant maximum heat release rate between these two
periods.
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Fig. A1.  1/2" Plywood wardrobe, clothing on 16

hangers
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Fig. A2. 1/8" Plywood wardrobe, clothing on 16

hangers
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Fig. A3. 1/8" Plywood wardrobe, FR paint, clothing

on 16 hangers
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Fig. A4. 1/8" Plywood wardrobe, FR paint, clothing
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Fig. A5. 3/4" Particle-board wardrobe, thin plastic
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Fig. A7. Chair, polypropylene foam frame, Fig. A10.  Chair, wood frame, California foam,
urethane foam, polyolefin fabric Haitian cotton fabric
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Fig. A8. Chair, thin wood frame, California foam, Fig. A11.  Chair, wood frame, California foam,
polyolefin fabric polyolefin fabric
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Fig. A9. Chair, urethane foam frame, urethane Fig. A12.  Chair, wood frame, FR cotton stuffing,
foam, polyolefin fabric Haitian cotton fabric

11



(c)2000 American Institute of Aeronautics & Astronautics or published with permission of author(s) and/or author(s)’ sponsoring organization.

Fig.

Fig.

Fig.

£ 6000 .

K4

~ hair 8

I'J_J | Chair I

S 4000

w

)

<

Y 2000

o

@

2

W o \ N

= 0 500 1000 1500 2000
TIME (second)
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A14. Chair, wood frame, urethane foam,

cotton fabric
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A15.  Chair, wood frame, urethane foam,

cotton fabric
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A16.  Chair, wood frame, urethane foam,
cotton fabric, polyester batting
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A19. Innerspring mattress and boxspring,
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A20. Lounge chair, metal frame, urethane
foam, plastic-coated fabric
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A21.  Lounge chair, one-piece molded glass

fiber, metal legs
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A22. Lounge chair, one-piece molded
thermoplastic
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A23. Lounge chair, wood frame, latex
foam/cotton stuffing, plastic-coated
fabric
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Fig. A25.  Loveseat, wood frame, California foam, Fig. A28.  Metal wardrobe, clothing on 8 hangers
polyolefin fabric
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Fig. A26. Loveseat, wood frame, urethane foam, Fig. A29.  Patient lounge chair, metal frame,
plastic-coated fabric urethane foam cushion
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Fig. A27.  Metal wardrobe, clothing on 16 hangers Fig. A30.  Sofa, metal frame, urethane foam,

plastic-coated fabric
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Fig. A31.  Sofa, wood frame, California foam, Fig. A33. F31 Loveseat, wood frame,
polyolefin fabric polyurethane foam, olefin fabric
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Fig. A32. F21 Chair, wood frame, polyurethane Fig. A34.  F32 Sofa, wood frame, polyurethane
foam, olefin fabric foam, olefin fabric
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Fig. B1. Double bed, bedding, night table; gyp
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Fig. B2. Double bed, bedding, night table;
plywoqd walls; test R5 (85-2998)
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Fig. B3. Upholstered chair, F21, wood frame, pu
foam-fr, olefin
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Fig. B4. Chair, F23, wood frame, fr cotton
batting, olefin test 24(82-2604)
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Fig. BS. Upholstered chair, F25, wood frame, pu
foam, olefin, test 29
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pu/pe/ctn bedding, cotton test 28
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B7. Uphols.chair, F30,pu frame, pu foam,
olefin, test 30 (82-2604)
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B8. Bean bag chair, vinyl/ps foam beads,
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B9. Chair, molded flexible pu frame, pu
cover test 64 (83-2787)
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Fig. B10.  Easy chair, molded ps foam frame, pu
pad & cover, c07, test 48
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Fig. B13.  Curtain, Cotton, 0.31kg/M2, ltem 9

£ 6000 :
:‘T uoveseat (F31) I
= | . | 1
§ 4000
w
3
14
- 1
3 N

0 500 1000 1500 2000

TIME (SEC)

Fig. B14. Loveseat, F31, wood frame, pu foam
(fr), olefin test 37 (82-2604)
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Fig. B15. Mattress, m05, pu foam, rayon ticking,
bedding
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Fig. B16. Mattress + boxspring (west chase
hilton) test 67 (83-2787)
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Fig. B17.  Upholstered\sofa, F32, wood\frame, pu
foam-fr, olefin test 38
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Fig. B19.  Television set, b/w, wood cabinet, exp.3 Fig. B21. Wastepaper basket, polyethylene, milk
cartons, exp.7
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Fig. B20. Wardrobe closet, plywood, fr paint nbsir
83-2787 test 42
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Fig. C1. - Bunk Bed, BFRL in February 1996
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Fig. C2. Koisk, Western Fire Center in the
summer of 1995
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Fig. C3. Loveseat
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Fig. C4. Mattress (Center), BFRL in February
1996
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Fig.C5.  Mattress (Corner), BFRL in February
1996
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Fig. C7. Sofa | Fig. C9. Workstation (2 panels), Sponsored by
GSA and performed at BFRL in 1991
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Fig. C8.  Wooden Pallet, BFRL in February 1996 Fig. C10. Workstation (3 panels), Sponsored by

GSA and performed at BFRL in 1991
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Fig. D1. Cotton fabric, fr (test 803a), Fabric Fig. D4. Douglas fir plywood, 1/2 in. thick (446),
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Fig. D2. Douglas fir (828), Board Fig. D5. Gypsum board, 1/2 in. thick (434)
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Fig. D3. Douglas fir plywood, 1/2 in. thick (435), Fig. D6. Gypsum board, 1/2 in. thick (448)
Board
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Fig. D7. Mattress ass'y m05, pu foam, rayon Fig. D10. Red oak, 7/8 in. thick (1468), Board
ticking (test 296), Composite
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Fig. D8. Red oak, 7/8 in. thick (1454) Fig. D11.  Pine (838), Board
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Fig. D9. Red oak, 7/8 in. thick (1456), Board Fig. D12. Pine (842), Board
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Fig. D13.  White pine (wood), 0.75 in (test 487), Fig. D16. PMMA 1" black (cb) w/frame (test
Board 1470), Sheet
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Fig. D14.  White pine (wood), 0.75 in (test 493), Fig. D17.  Rigid polyisocyanurate foam, 2 in (test
Board ) 438), Foam
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Fig. D15.  PMMA 1" black (cb) w/frame (test Fig. D18. Rigid polyisocyanurate foam, 2 in (test
1461), Sheet 449), Foam
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Fig. D22.  Rigid polyurethane foam, fr, gm-31 (test
258), Foam
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Fig. D24. Rayon fabric (test 804a), Fabric
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Fig. D25. Wool fabric/neoprene padding (test
722), Composite
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