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Abstract

The fire growth rate of interior linings, furnishings, and construction materials is measured in full-
scale fire tests such as the ASTM E84 Steiner Tunnel, the ISO 9705 room fire, and a passenger air-
craft fuselage as the flame-spread rate, time-to-flashover, or time to incapacitation, respectively.
The results are used to indicate the level of passive fire protection afforded by the combustible
material or product in the test without providing any insight into the burning process. These
large-scale tests require many square meters of product, are very expensive to conduct, and can
exhibit poor repeatability-making them unsuitable for product development, quality control,
product surveillance, or regulatory compliance. For this reason, smaller (0.01 m?) samples are
tested in bench-scale fire calorimeters under controlled conditions, and these one-dimensional
burning histories are correlated with the results of the two- and three-dimensional burning his-
tories in full-scale fire tests by a variety of empirical and semi-empirical fire propagation indices,
as well as analytic and computer models specific to the full-scale fire test. The approach described
here defines the potential of a material to grow a fire in terms of cone calorimeter data obtained
under standard conditions. The fire growth potential, A (m?%/), is the coupled process of surface
flame spread and in-depth burning that is defined as the product of ignitability (1/E;,) and com-
bustibility (AQ/AE) obtained from a combustion energy diagram measured in a cone calorimeter
at an external radiant energy flux g, (W/mz) above the critical flux for burning, gs,,,. However,
the potential for fire growth, A= (1/E;,)(AQ/AE) is only realized as a hazard when the heat of
combustion of the product per unit surface area, H. (J/m?), is sufficient to grow the fire. The
dimensionless fire hazard of a combustible product of thickness b is therefore, I = AH,, while
the fire hazard of the component materials is an average over the product thickness, m = I1/b.
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The measurement of A, IT, and 7 from combustion energy diagrams of heat release Q (J/m?) ver-
sus incident energy E (J/m?) is described, as well as a physical basis for a fire growth potential that
provides simple analytic forms for A in terms of the parameters reported in cone calorimeter
tests. Experimental data from the literature show that rapid fire growth in full-scale fire tests of
combustible materials occurs above a value of I1 determined by the severity of the fire test.
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Introduction

When considering new materials for occupied spaces, fire performance is one of several fac-
tors that must be considered. There are various approaches to assess the passive fire protec-
tion capability of materials and their structural elements. The prescribed method is to
conduct experiments in accord with the fire standards and regulations.''* Numerical simula-
tions, for example, computational fluid dynamics (CFD)'* and finite element models coupled
to pyrolysis models' are another approach that allows researchers to carry out simulations
using physical and chemical properties of materials that must be estimated or determined
experimentally.'® More recently, fire performance of combustible materials is being simu-
lated using artificial intelligence, machine learning (ML), and artificial neural networks
(ANN),'” but the descriptors used to train the model may be non-physical or nonsensical.

The most common method to estimate the fire growth potential of materials is to measure
the heat release rate history in fire calorimeters under controlled conditions.'™ The cost
advantage of using small/bench-scale 0.01-m? specimens to predict the outcome of large/
full-scale fire tests requiring many square meters of material® ' is significant, so various
bench-scale fire test parameters have been proposed to rank or classify the flammability and
ignitability of combustible materials.'® 2

Babrauskas®’ proposed that the flame-spread velocity v, was proportional to the ratio of
the 60-s average areal heat release rate Qgo, (W/m?) to the piloted ignition time tign (8) 1N a
cone calorimeter according to ISO 5660° or ASTM E1354° at an external heat flux,
Jew = 25 kW/m?. This flame-spread parameter correlated the two-dimensional (areal) fire
growth rate (FIGRA: m?/s) in full-scale fire tests with limited success, because
ot = 25 kW/m2 was below the critical heat flux for ignition §.,; of some products.

Cleary and Quintiere®® measured the test average heat release rate in the cone calorimeter,
Qan, relative to the critical bench-scale value for upward flame spread, chit = 100 kW/m2
at an external heat flux, g.,; = 50 kW /m?, safely above the critical heat flux for ignition Jign
of most of the combustible materials tested. Quintiere et al. derived a fire growth parameter,

A=1+ (Qavg/Qcm), and found that materials exposed to a 100-kW propane burner

during the first 10 minutes of a full-scale ISO 9705 room fire test could generate a 1| MW fire
(flashover) if A > 1, while materials exposed to a 300-kW burner during the next 10 minutes
of the full-scale test would reach flashover if, A = t,,,/t,, where 1, was the total burning time
of the sample in the cone calorimeter.>' In Quintiere’s theory of fire growth,’*>!
Qavg = HRPq,;, where HRP:Aanax/ AGey = AQ/Aq.y;, 1s the slope of maximum/peak heat

release rate, Qmax Versus ¢.,; obtained from multiple tests. Consequently, Quintiere’s fire
growth parameter that is used in ASTM E1354° to predict large-scale fire performance can



Lyon 3

also be written for early stage fire growth as the dimensionless product of a material’s
combustibility and ignitability as measured in a cone calorimeter, A = (combustibility)
lgnltablhty - (AQ/Aq(’xt)(Qext/chit)-

A Fire Propagation Index (FPI) = (Opa/ t,fgn)19 and its inverse (Q,m,x/tig,,)fl;ﬂ’28 computed
from cone calorimeter measurements have been proposed as predictors of the time to reach
untenable conditions (flashover) in full-scale room fire tests of furnishings and wall lining
materials, where Qyuec(W/m?) is the maximum/peak heat release rate per unit area measured
in a cone calorimeter. More recently, Vahabi et al.>>? added the heat of combustion per unit
area H. to the FPI as suggested earlier by Petrella,”® and obtained a fire retardancy
parameter, FR = Qmach /tign that improved the correlation of FPI with fire test data.

Tewarson et al."” used an FPI = 750 0'/3/ é]nettizgn measured in a bench-scale fire propaga-
tion apparatus ASTM E20584 at net heat flux ¢, to correlate upward fire growth in a full-
scale (2.4 m X 0.6 m X 2) parallel panel test that is used to qualify clean room materials for
fire safety.9

Numajiri and Furukawa'® used an empirical function to fit the heat release rate history in
a cone calorimeter and used the fitted parameters to compute a Burning Index at a single
external heat flux.

Ostman et al.”"*? used an empirical equation to correlate cone calorimeter data for wood,
construction, and wall lining materials measured at an external energy/heat flux
Jew = 50 kW/m? with the time to reach 1 MW heat release rate (flashover) in a full-scale
room fire test® ™ that is used to classify the fire safety of these products.

Shields et al.** recognized the importance of ignitability on fire growth and used a flux-

N
time product (FTP) = t4, (qm — é]ign> , to evaluate the critical heat flux for piloted ignition

of wood, gjq,, by measuring 7,4, as a function of g, with N an empirical parameter related to
sample thickness. The FTP was shown to be independent of sample orientation with respect
to gravity and the mode of ignition (spark or flame).

To bridge the length scale between a bench-scale fire calorimeter (0.01 m?) and a full-scale
room fire test (32 m?), a quarter-scale fire test using an 8-m?* sample was developed called the
single burning item (SBI).'*> The FIGRA of a material in the SBI test ignited by a gas burner
in the corner of a standard fixture was defined as the maximum value of the heat release rate
of the SBI divided by the time to reach the maximum heat release rate. The FIGRA value is
used to classify the fire safety of building products as A1, A2, B, C, and D in Europe, despite
many caveats to the measurement. However, the SBI test, like the room fire test is expensive,
so a computer model was developed to calculate the heat release rate of a material or product
in the SBI and ISO 9705 test from a single cone calorimeter heat release rate history.>?

The purpose of bench-, product-, quarter- and full-scale fire tests of combustible solids, as
well as numerical modeling of fire growth, is to measure or predict the level of passive fire
protection afforded by a specific composition of matter in a particular fire environment. This
article attempts to achieve that goal by defining the fire growth potential of a combustible
solid as the product of its ignitability and combustibility, and describes a methodology for
evaluating the fire growth potential and fire hazard of materials and products using a cone
calorimeter under standard®° conditions.
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Technical approach

The fire growth of combustible solids is a continuous and coupled process of anaerobic in-
depth fuel generation and surface flame spread at a solid—air interface, where the gaseous
fuel mixes with oxygen and reacts in a flame to generate heat and products of complete and
incomplete combustion. The fuel generation (burning) rate is coupled to the flame-spread
rate by heat transfer from the flame or fire to the solid surface, which depends on the angle
of inclination with respect to gravity. Figure 1 is an idealized heat release rate (Q) history for
one-dimensional ignition and burning of a sample that is perpendicular to gravity under
steady (1(a)) and unsteady (1(b)) conditions at a constant incident energy flux ¢.,, imposed
at time ¢ = 0. The time-integrated histories of O and the radiant energy flux, Eo=gey of
Figure 1(a) and (b) are plotted as energy diagrams of Q versus the nominal incident thermal
energy, Eo = g.ut, for the steady and unsteady processes in Figure 1(c) and (d). The nominal
energy absorbed by the sample at the time of ignition, tip,, 1S Ejgno = Gex tign and
Efo = Gex 1 1s the incident energy at the end of burning 7, when the flame extinguishes.
Steady burning as in Figure 1(a) is analogous to a phase change at constant temperature,
for which the boundary conditions at the surface x = 0 and the rear face x = b remain
constant. Steady burning is rarely (if ever) observed for solids in the cone calorimeter
because of the transient temperature gradient due to finite sample thickness and thermal
insulation at x = b, and re-radiation of incident energy at the fire-exposed surface x = 0.
The slope of the energy diagrams of Figure 1(c) and (d) is AQ/AE, which is the amount of
combustion heat generated per unit input of thermal energy, that is, the combustibility.

If the ignitability of a combustible solid in the cone calorimeter is 1/Ejg, o (m?/MJ) and its
combustibility is AQ/AE, (dimensionless), then its potential for sustained ignition and burn-
ing, that is, fire growth, is the product of the following terms

Fire growth potential, A=(1/Eg, o) (AQ/AE)) (1)

Equation (1) is the integral analog of Quintiere’s®™*! dynamic fire growth parameter,
which showed good capability to predict flashover of materials in room fire tests using cone
calorimeter data. In the present context, the potential for fire growth is only realized as a fire
hazard if the total heat of combustion per unit area burning surface, H, (MJ/m?), is suffi-
cient to sustain the fire, so the dimensionless fire hazard of a material or product is

Productfirehazard = [I=\H, (2)

The material fire hazard is an average over the sample thickness, b, obtained from the
volumetric heat of combustion, H,. ;, (MJ /m?)

Material fire hazard=m=NH,,y =11/b (3)

The potential of a material or product to grow a fire to hazardous conditions is calculable
from cone calorimeter heat release rate histories using equations (1)—(3), with AQ/AE the
maximum slope of an energy diagram constructed from a plot of the time integral of the heat
release rate history, Q(f) = fQ(x)dx versus the time integral of the thermal energy deposition
rate at constant energy flx, E(f) = jqex,dx:qmt, measured in the cone calorimeter, and
Ei. = E(t;,,) the ignition energy at the onset of the integral curve (see Figure 1).
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Figure 1. Idealized heat release histories for steady (A,C) and unsteady (B,D) burning.

Experimental
Methods

Tests were conducted in our laboratory at the Federal Aviation Administration (FAA)
Technical Center in triplicate on 10 cm X 10 cm square samples of various (typically
3.2 mm) thickness in a cone calorimeter from Fire Testing Technology, East Grinstead,
UK, according to the standard method.”> A sample holder with edge frame and wire grid,
insulated rear sample face, and an electric spark igniter were used for all tests. Cone calori-
meter results from the literature were reportedly obtained under similar conditions. Gases
used for calibration and testing were high purity grades from local suppliers. The nomencla-
ture and units of cone calorimeter quantities used in this article, in ASTM E1354, and in the
literature are listed in Table 1 as symbols and acronyms.

Materials

The unmodified (natural) polymers in Table 2 contain no flame retardant (NFR) additives
or fillers and minimal processing aids, and were obtained in sheet form having nominal thick-
ness of 3.2, 6.4, 12.5, or 25 mm, from commercial suppliers. Sixteen polymers were obtained
from commercial suppliers or manufacturers. The flame-retardant polystyrene (PS-BFR)
and PC/ABS blends were provided by research partners.
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Table |. Description and nomenclature of cone calorimeter measurements.

Quantity Symbol Acronym ASTM EI354 Units
External energy (heat) flux Gext EHF - W/im?
Heat release rate per unit area Q HRR q" W/m?
Heat released per unit area at time t Q) — — J/m2
Incident energy Qextt E(t) - Jim?
Ciritical energy flux for piloted ignition Qign CHF - W/m?
Ciritical energy flux for sustained burning Qburn - - W/im?
Time to piloted ignition tign TTI tig s
Ignition energy Gexttign Eign - J/im?
Peak heat release rate Qmax PHRR G max Wim?
Test average heat release rate Qavg HRR,, - W/m?
Total heat release/fire load H. THR 9" total J/m2
ASTM: American Society for Testing and Materials.

Table 2. Polymers tested at FAA for this study.

Polymer Symbol Polymer Symbol
Acrylonitrile-butadiene-styrene polymer ABS Poly(hexamethylene adipamide) PA66
High-density polyethylene HDPE Poly(vinylidenefluoride) PVDF
Polypropylene PP Poly(oxymethylene) POM
PS with 20% Decabromodiphenyloxide PS-BFR Poly(phenylsulfone) PPSU
High impact polystyrene HIPS Poly(phenylenesulfide) PPS
Poly(methylmethacrylate) PMMA Poly(vinylchloride) PVC
Polycarbonate of bisphenol-A PC Polyetherimide PEI
PC/ABS blends PC/ABS Polyetheretherketone PEEK
Poly(ethylene terephthalate) PET Fluorinated ethylene propylene FEP

ABS: acrylonitrile-butadiene-styrene polymer; HDPE: high-density polyethylene; PVDF: poly(vinylidenefluoride); PP:
polypropylene; POM: poly(oxymethylene); PPSU: poly(phenylsulfone); HIPS: high impact polystyrene; PPS:
poly(phenylenesulfide); PMMA: poly(methylmethacrylate); PVC: poly(vinylchloride); PC: polycarbonate; PEI:
polyetherimide; PEEK: polyetheretherketone; PET: poly(ethylene terephthalate); FEP: fluorinated ethylene propylene.

Results

Figure 2 is a composite of Q histories at four different energy/heat flux levels g for the
non-charring polymer poly(methylmethacrylate) (PMMA) containing black pigment in a
cone calorimeter according to the standard methods.>” Figure 3 is a composite energy dia-
gram of the PMMA data in Figure 2 plotted as per Figure 1(d), whose ordinate Q is the time
integrated heat release rate history O and whose abscissa Ej is the nominal value of the time
integrated thermal energy flux, £y = §., indicated in the legend of Figure 2.

Figure 4 is a composite of heat release rate histories for 3-mm thick samples of the
charring polymer, polycarbonate of bisphenol-A at the indicated external energy flux,
gex = EHF. Figure 5 is the energy diagram for the data in Figure 4 obtained by time inte-
gration of the ordinate O and the abscissa £ = ¢y

Energy diagrams like Figures 3 and 5 were constructed and evaluated for the 16 charring
and non-charring polymers in Table 2 to obtain the nominal ignition energy, Eign.0 = Gext tign
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Figure 2. Heat release rate histories of black PMMA in cone calorimeter at g, = 35, 50, 75, and 90 kW/
m?. Each plot is an average of three experiments.
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Figure 3. Cone calorimeter energy diagram of heat release versus incident energy for the non-charring
polymer PMMA showing nominal ignition energy (Eign.0), combustibility (AQ/AE), and heat of combustion

(Ho).

and combustibility, AQ/AE,, as per Figure 1(d) for computing A by equation (1). The A results
from the cone calorimeter energy diagrams at g., = 50 kW/m” are plotted in Figure 6, which
show a three order of magnitude range for the polymers in Table 2.
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Figure 4. Heat release rate histories of the char forming polymer PC in cone calorimeter at g, = 40, 50,
75, and 92 kW/m?. Each plot is an average of three experiments.
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Figure 5. Cone calorimeter energy diagram of heat release versus incident energy for the char forming
polymer PC showing nominal ignition energy (Ein,o), combustibility (AQ/AE), and total heat of combustion (H,).

A physical basis for fire growth potential

Figure 6 shows that energy diagrams such as Figures 3 and 5 provide repeatable estimates of
A for unsteady burning that can be used to compare and rank the fire growth potential of

materials, but numerical integration of heat release rate histories, Q(¢) at one or more radiant
energy fluxes, g.. versus time is required. This metrology, while trivial with modern
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Figure 6. Fire growth potential computed from energy diagrams at external energy flux, Gexy = 50 kW/m?.
Error bars are = one standard deviation for triplicate measurements.

computational resources, does not leverage the large amount of cone calorimeter data that
has been reported in the literature parametrically as the maximum/peak heat release rate in
the test, Qmax, the time to piloted ignition, t,, and the total heat released by burning, H,, at
one or more radiant energy fluxes, ¢.., or sample thicknesses, b (see Figure 1 and Table 1)
for a wide variety of materials. For this reason, a physical basis for fire growth potential is
derived from the formalisms of thermal ignition and steady burning of liquids and solids that
provides analytic forms for A, I, and 7 in terms of cone calorimeter parameters in the pub-
lished literature or obtained directly from standard®° test reports.

Begin with the assumption that the steady-state heat release rate per unit area Qy(W/m?)
of Figure 1(a) is related to the steady mass loss (burning) rate per unit area 7, (kg/m>-s) and
the specific heat of combustion of the fuel gases with oxygen in a diffusion flame 4. (J/kg)>>**

st =Titgeh, <4>

By convention, the fluxes of combustion heat (Q) and volatile fuel mass (7izs) are positive,
as is the specific heat release by flaming combustion (%.). After the fuel gases at the solid
surface ignite, a diffusion flame attaches to the surface and the mass flux is proportional to
the net surface heat flux (g,.;) and inversely proportional to the energy required to thermally
decompose the solid to gaseous fuel and vaporize the products, s, (J/kg), at the burning
temperature, 7},,,. For steady burning33’3’4

. é]net
58— 5
= 5)
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Substituting equation (5) into equation (4) for a solid of surface area S, density p, and
thickness b, the steady heat release rate is

st ]’l Qnet ( ) <pbh )qnet <E) qnet (6)

In equation (6), y/a~ 1 is the ratio of the combustion efficiency in a diffusion flame under
well-ventilated (cone calorimeter) conditions, y, to the efficiency of radiant and convective
energy transfer to the solid at the nominal irradiance in a cone calorimeter, @ = Guer/Gex:-
The slope of a plot of Qg versus §,e is called the combustibility ratio®> or the heat release
parameter.” It is the ratio of the heat released by combustion of the fuel gases in air to the
energy consumed to generate the fuel gases in the solid during burning on a mass (//hy) or
surface area (H./L,) basis. Once ignition has occurred and burning has commenced, the sur-
face temperature of the solid at x = 0 increases from the ignition temperature 7}, to the
burning temperature 73,,,, due to the presence of the flame, while the solid at the back of
the pyrolysis zone, x = &, remains at the ignition temperature, T,,,. Both 7},,, and T, are
determined by the chemical kinetics of thermal decomposition of the solid.*”>°

Equation (6) is predicated on the existence of a steady heat release rate Oy, which is rarely
if ever observed for finite thickness solids in practice. Alternatively, steady heat release rate
in a cone calorimeter can be approximated as a time average of the heat release rate history
Q(t) over the test duration, Qavg,30’31’40 or a moment average in the vicinity of the maximum/
peak heat release rate Qmax41

1 .
2\/* \/§Qmax (7)

The thermal theory of ignition assumes the ignition temperature 7}, is a property of the
material, consistent with the kinetic basis for T}, as the temperature at the onset of thermal
decomposition of the solid.*”****> Consequently, the time required for the surface of a
solid of thickness b, specific heat cp, and thermal conductivity «, initially at temperature 7}
to reach Tj,, when exposed to a constant net heat flux ¢, at + = 0 in a cone calorimeter
increases with the thermal stability of the solid and is obtained from unsteady heat conduc-
tion as the time to ignition, t,-g,,33 34

st Qavg

pcpbTign/q,e  (thermallythin, b<8)

lign = .2 . (8)
pcpk (Tign/Gne;)” (thermallythick, b= 8)

In equation (8), & is the depth of the pyrolysis layer for steady burning®’-*®

KATburn

0= —
Qnet

©)

The energy barrier to ignition (ignition energy) in a cone calorimeter is the amount of
thermal energy that has entered the surface of the combustible solid at the time of ignition
tiqn. For a constant external energy flux in the cone calorimeter g.,, applied at time ¢ = 0
that is above the critical energy flux for ignition, §;g,, the net energy flux is ¢pes = Gexr — Gign
and the ignition energy is
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tign t ign

EignE J Edt: J é]netdtZQnettign (10)
0 0

Equations (4)—(10) describe the ignitability (1/E,) and combustibility (Qss/ner) in terms
of the energy supplied to, and the combustion heat released from, a steadily burning solid in
a fire or fire calorimeter. If the heat of combustion of the volatile fuel and the energy to ther-
mally decompose and gasify the solid fuel, E,.., do not change during steady burning at
Thun, then, AQ~H,, and AE = E-E;,, = (Eign + Egec)-Eign = Lg.36 Ignition and in-depth
burning are the coupled processes that drive flame spread, so it is the product of ignitability
and combustibility that is the definition of the potential for fire growth of equation (1)

. . AQ\ [ 1 HN\ [ 1 0., 1
Fire growth potential, A\= (—) ( > ~ (—) ( ) = (i) ( ) 11
AE Eign Lg Eign Dnet qnettign ( )

The product of the denominators in the last term of equation (11) is the FTP at ignition,
FTP = tiggY,, for a thermally thick (N = 2) sample at a constant net heat flux.?* The FTP
is independent of sample orientation with respect to gravity (vertical or horizontal) and the
mode of ignition (spark or flame). Substituting equation (8) for the time to ignition for b =
o0 into equation (10) gives the ignition energy for a thermally thick combustible solid

o pcPKATén _ pcPKATén (12)
& qnet (‘]ext - é]ign

The numerator of Equation 12 is the square of what is called the thermal response
parameter, TRP.?**! Substituting equation (12) into equation (11) gives the fire growth
potential of a thermally thick combustible solid capable of steady burning

P

E C‘pKAT-2

]é]net:Ké]net:K(qext - %gn) (13)
ign

ign

Equation (13) is a constitutive relationship for the fire response A to the thermal stress of
a fire g, of a combustible solid having fire compliance K. The fire growth potential A is
independent of sample thickness because the chemical reactions that consume energy to gener-
ate volatile fuel are confined to a thin surface layer § << b for burning at .., > 50 kW/m?
(typically), and the rate of these anaerobic reactions depends primarily on temperature. The
fire response of a thermally thin solid is obtained from equations (8), (10), and (11) as

1 hefhy, 1 K .
'z~ |22 | =2 (thermally th 14
A 5 |:pCPATign:| > (thermally thin) (14)

The fire response A’ of a thin sample, b < é is independent of thermal stress ¢,., and
inversely proportional to the sample thickness b. The fire compliance K of equation (13) and
K’ of equation (14) are intensive properties because they are independent of the amount of
combustible material, the sample orientation with respect to gravity, and the mode of
ignition.
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Unlike the fire growth potential A and material fire hazard, the product fire hazards IT is
not an intensive property because it depends on the mass or thickness of the sample, that is,
the fire load, H. (see equations (2) and (3)).

Analytic forms for A

At ignition the net flux of thermal energy ¢,., entering a surface exposed to a constant radi-
ant/convective energy flux from an external heater or fire will be a fraction a of the incident
energy, g, due to losses from the surface by re-radiation and convection, gjg,

dr ATy, . . .
dx> (Sg =Gext — Gign=%Gext (15)

Gner(ignition) = — K(

In equation (15), « is the coupling efficiency of the incident energy with the combustible

solid. According to equations (10) and (15), the thermal energy absorbed by a solid in a cone

calorimeter experiment at the time of ignition t,, is related to the nominal value of the igni-
tion energy, Ejg,,0, at constant g,y

Eign = aEign, 0= OCQexttign <16)

At the onset of burning the flame adds an additional energy flux that increases the surface
temperature from 7, to Thun| The corresponding change in the surface temperature with
respect to ambient Ty is, ATy = (Tpuri— T0) = (Towrn— Tign) + (Tign-T0) = ATpyn + AT,
If the heat flux from the flame provides all the energy required to thermally decompose the

solid in the pyrolysis layer and gasify the products, kAT, /6 = mhg3 7

ATy AT,, AT
Gnet(burning) = {KTb — mhg} + K% ~K Slgn

= eyt (17)

Substituting equations (7), (16), and (17) into equation (11)

A= HC/Lg (AQ/AEO> 1 5 Qavg 1 ( 1 Qmax ) (18)
Eign o Elén,() 2\/_61@(1 ign a2 \/_qex[ ign

Equation (18) allows calculation of steady state A at constant g.,, from the slope of com-
bustion heat versus the incident thermal energy, AQ/AE,, or the test average heat release

rate, Qavg, or the maximum/peak heat release rate in the test, Qg
The coupling efficiency for a material in a cone calorimeter experiment « is probably in
the range, %2 <a <1 for charring and non-charring materials, respectively.*®*44
Therefore, to a first approximation, a = % and /3a’~ 1 in equation (18), so the material

fire response (A) and product fire hazard (IT) can be expressed solely in terms of quantities
that are measured in a standard cone calorimeter test

1 /AQ/AE)\ 4AQ/AE,
ANRG= — (T) ~I

(19)

ign 3 qexztign
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Nyyo= 1 é Qavg ~ é Qavg/tign (20)
a? \/§ 2 qezzxttig" 2 qut
1 Q Q / tign
A = max_\ . max 21
o 052\/§ <é]gxttig”> 6.]gxt ( )

According to equation (2), the product fire hazards II; for j = energy (NRG) diagram,
AVG and MAX of equations (19)—(21) are

=\, (22)

The fire growth potential (A) as well as the product fire hazard (I1, ) of equations (19)—
(22) were evaluated using cone calorimeter heat release rate histories obtained in our labora-
tory for the 16 charring and non-charring polymers in Table 2, as well as cone calorimeter
data from the published literature.

Figure 7 compares equations (19)—(21) for computing A from cone calorimeter measure-
ments for 16 of the polymers in Table 2 that are not blends or flame retardant. These poly-
mers were tested in the cone calorimeter according to the standard method®” in triplicate at
3.2-mm thickness and at the typical heat flux reported in the literature, g., = 50 kW/m>.
The A; are ranked in descending order from top to bottom by Ayax (equation (21)). The
three forms of A in Figure 7 obtained from the steady heat release rate and coupling effi-
ciency approximations (equations (19)—(21)) are in qualitative agreement with each other
and the integral values for each polymer in Figure 6.

Note that the coupling efficiency approximation of the fire growth potential obtained
from the energy (NRGQG) diagram, Angrg, equation (19), differs from the definition of A (equa-
tion (1)) by a factor of 4/3. This bias, and the desire to maximize the use of published cone
calorimeter data, suggest the steady-state approximation, A = Ayax (equation (21)) be used
for computing fire growth potential—a convention that is used in the following plots and
analyses unless otherwise specified.

Validation

Non-charring polymers

Figure 8 is a plot of ASTM E1354 cone calorimeter results for cast, black pigmented, poly-
methylmethacrylate/PMMA at 3, 6, and 25-mm nominal thickness at the external energy
flux, gey = 50 kW/m?. The material response to incident thermal energy from a radiant
heater or fire for PMMA, A, is plotted on the left-hand ordinate of Figure 8. These samples
are thermally thick at ey = 50 kW/m® because b>6~kATpum/dew = | mm  for
DT = 200 K*¥, k = 0.2 W/m-K, so A is independent of thickness in agreement with
equation (13). Conversely, the product fire hazard IT on the right-hand ordinate is propor-
tional to sample thickness/fire load as per equations (2) and (22).

Figure 9 is a plot of A computed from published ASTM E1354 data®® obtained in our
laboratory for clear extruded PMMA at nominal thickness, » = 3, 9, and 27-mm exposed
to external energy fluxes, goy = 25, 50, and 75 kW/m?. These samples are thermally thick
under all conditions as per equation (8), as evidenced by the insensitivity of A to b and the
linear relationship between A and ¢, as per the constitutive relation for fire growth,
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Figure 7. Fire growth potential A of 16 polymers in Table 2 tested as 3.2-mm samples in triplicate at the
typical external energy flux, ge: = 50 kW/m?. Average coefficient of variation of A; for each individual
polymer is less than 20%.
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Figure 9. Fire growth potential Aversus external heat flux (gexx = EHF) and sample thickness (b) for clear
PMMA in ASTM E|354. The EHF and b lines intersect at EHF* = 51 kW/m?.

equation (13). The zero-slope line of A versus b and the linear fit to ¢.,, = EHF intersect at
EHF* = 51 kW/m?. Error bars are one standard deviation of the average value with respect
to the independent variable on the opposite abscissa.

Figure 10 is a plot of the nominal ignition energy, Ejy,,0 = Gexitiocn = EHF 1,4, for clear
PMMA at the same values of » and EHF shown in Figure 8. The horizontal line for A versus
b and a power law fit, 0 EHF ! as per equation (12), intersect at EHF* = 41 kWm?.
Error bars are one standard deviation of the indicated average with respect to the indepen-
dent variable on the opposite abscissa.

Figure 11 is a plot of Ejg,,0 and A versus sample thickness 5 = 3,9, and 27 mm and exter-
nal heat flux g., = EHF = 25, 50, and 75 kW/m? for HIPS and HDPE in ASTM E1354.
Cone data are from Stoliarov et al.** Graphs for high-impact polystyrene/HIPS are on the
left-hand side and graphs for high-density polyethylene/HDPE are on the right-hand side.
As indicated by the horizontal line at the global mean for these non-charring polymers, E;g,,.o
and A are independent of sample thickness b in accordance with equations (12) and (13) for
thermally thick burning, because 6 << b and the chemical reactions that produce volatile
fuel are confined to a thin surface layer (the pyrolysis zone). The inverse dependence of igni-
tion energy on external heat flux, Ej,,,0% EHF ' is consistent with equation (12). Error bars
on the data points are one standard deviation of the mean with respect to the independent
variable b on the opposite abscissa.

Charring polymers

Combustible materials that leave a solid residue as a pyrolysis product on a burning surface
do not generally exhibit steady burning due to the change in the surface boundary condition
resulting from the accumulation of solid residue, which is usually of low density and insulates
the underlying polymer, as well as re-radiating some of the incident energy from a heater,
surface flame; or fire.'®* However, the time-dependent burning rate of charring materials is
amenable to a moment-area representation of (steady) burning*' as per equation (7). The fire
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Figure 10. Nominal ignition energy Ei;, o versus external heat flux (gexs = EHF) and sample thickness
(b) for clear PMMA. The EHF and b lines intersect at EHF* = 4] kW/m?.
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Figure 13. Nominal ignition energy Ejpn,oversus external heat flux (gexx = EHF) and sample thickness
(b) for PC in ASTM E1354.27#4% Lines for EHF and b intersect at EHF* = 70 kW/m?.

growth potential of polycarbonate Anrg = (AQ/AE))/Eqy.0 is plotted in Figure 12 along
with A, for polycarbonate from three laboratories.?”*** There is good overall agreement
between A for the individual laboratories, with low sensitivity of A to EHF due to the insulat-
ing and re-radiating effect of the intumescent surface char. The apparent ignition energy
Ejgn0 at each b and EHF are plotted in Figure 13, showing the inverse dependence of Ej,,,o
on ., suggested by equation (12).

The graphs on the left-hand side of Figure 14 are plots of Ej,,,o and A versus b and EHF
for rigid, unplasticized polyvinylchloride (PVC). The lower char fraction (i = 0.19) and
smaller volumetric expansion of PVC compared with PC (n = 0.24) shows the expected
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Figure 14. Nominal ignition energy Ei,,o and fire growth potential A of rigid polyvinylchloride/PVC and
polyetheretherketone/PEEK versus external heat flux (gexx = EHF) and sample thickness (b) in ASTM EI354.
Error bars on the data points are one standard deviation of the mean with respect to the independent
variable on the opposite abscissa.

independence of A from b and linear dependence of A on EHF as per equation (13) and the
inverse relationship between Ej,,o and EHF as per equation (12). At the crossover point,
EHF* = ¢, = qoum = 78 kW/m? = A/K + i, (equation (23)).

The graphs on the right-hand side of Figure 14 are plots of Ej, o and A versus b and EHF
for polyetheretherketone/PEEK. The high char fraction (u = 0.50) and voluminous char
swelling of PEEK*® obscures any dependence of Eign0 and A on b and EHF, so the horizon-
tal dashed lines are global averages of Ej,,,,o and A.

The Ejg,.0 and A lines in Figures 9 to 14 intersect the b lines for the non-charring polymers
PMMA, HIPS, and HDPE at ¢*, = qpum = 45 = SkW/m?, and at @', = qpum = 75 =
5 kW/m? for the charring polymers PC and PVC. These are the external energy fluxes for
burning in the cone calorimeter and they are related to the fire compliance (K) of the solid
and its critical energy flux for piloted ignition ¢}, by equation (13)

. A
Gext = 9burn = 77 t Gign (23)

K
Applications

Figure 15 is a plot of A and IT for blends of ABS with PC tested in our laboratory in triplicate
as 3.2-mm thick samples at EHF = 50 kW/m? in the cone calorimeter. Both A and IT of the
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Figure 15. Fire growth potential (A) and product fire hazard (IT) of PC/ABS blends.

blends increase monotonically according to a lower bound rule of mixtures as the mass frac-
tion of the non-charring, more easily ignited, and higher combustibility ABS increases (com-
pare PC and ABS in Figures 6 and 7).

Figure 16 is a plot of the material fire hazard m = II/b, computed using equations (2),
(3), and (21) from published cone calorimeter data. The data from Hirschler®’” are an aver-
age value of  at gey = 40 and 70 kW/m?, while  for the composites*® are average values
for the indicated resin system at an external heat flux, g, = 50 kW/mz. These m values are
intensive properties that span four decades for the materials and products in Figure 16.

Figure 17 is a plot of the material fire hazard, m = I1/b, measured in a bench-scale (cone)
calorimeter versus the molecular-scale fire hazard or fire growth capacity (FGC),*® measured
in a micro (10~° kg) scale combustion calorimeter (MCC) according to ASTM D7309* for
the pure polymers and polymer blends in Table 2 for which both values were available.
Figure 17 shows that there is a high positive correlation between the bench-scale fire prop-
erty m and the molecular fire property FGC, reinforcing the hypothesis that the material fire
hazard  is a combustion parameter that can be measured in a cone calorimeter and used
for comparison, classification, and ranking of the passive fire protection afforded by materi-
als and products.

Figure 18 is a graphical summary of data obtained by Hong et al.*” in a study of the effec-
tiveness of phosphorus and bromine-containing flame-retardant additives on the fire growth
of computer monitors and television sets subjected to three small open flame ignition sources
for 1.5-5 minutes. The 2.1-mm thick housings for the monitor and TV were commercial
products containing either NFR, a phosphorus flame retardant (PFR), or a brominated
flame retardant (BFR), and were tested as free-standing, isolated articles. The housings were
tested separately as rectangular bars in upward flame spread by the UL 94,* or downward
flame spread by the limiting oxygen index (LOI).>® Separate 10-cm square plates were tested
in a cone calorimeter at ¢.,, = 50 kW/m? according to the standard method.5 The full-scale
test results for the products are plotted as binary variables in Figure 18 with B = 0
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Figure 18. Results of product fire testing of computer monitors and televisions having polystyrene
housings containing no flame retardant (NFR), phosphorus flame retardant (PFR), or a brominated flame
retardant (BFR).*

corresponding to no sustained burning or B = 1 for a fully developed fire. These results
were fit to a conditional probability function®! with IT as the sole explanatory variable

1

F =

(24)

Equation (24) gives the likelihood, P, that sustained burning, B, will occur in a full-scale
fire test of a product having fire hazard, I1. The binary full-scale results were fit to equation
(24), and the solid line in Figure 18 is the nonlinear regression line for best-fit values,
IT* = 765 and m = 27. Figure 18 indicates that computer monitors and televisions with
plastic housings containing phosphorus flame retardants exhibit a loss of passive fire protec-
tion at IT = 765 or A~ 8 m?/M]J, as evidenced by a rather abrupt transition at P = ' from
no sustained burning to a fully developed fire. The UL 94 vertical flammability classifica-
tions and flame-retardant additive for the housings are indicated in Figure 18. No sustained
burning is observed for V-0, V-1 classifications containing PFR or BFR additives. Fully
developed fires are observed for V-2 and HB classifications containing PFR or NFR addi-
tives. These UL 94 V classifications are consistent with the IEC 62368-1 fire safety require-
ment for passive fire protection of plastic computer and TV housings.>>

Figure 19 is a graphical summary of the data from a study performed at the National
Institute of Standards and Technology (NIST) on the effect of flame-retardant plastic hous-
ings of computer monitors and keyboards on the full-scale fire hazard of these products.
The 3.2-mm thick computer housings were tested separately in a cone calorimeter at
Jew = 50 kW/m? by the standard method as well as in the UL 94 vertical test of plastic
flammability.** The products were tested as isolated, free-standing articles under a large
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Figure 19. Results of product fire testing of computer monitors having plastic housings containing no
flame retardant (NFR), phosphorus flame retardant (PFR), or a brominated flame retardant (BFR).***3

hood so that heat release rate could be measured by oxygen consumption. The ignition
source was a small open flame applied for 0.3, 1, or 7 minutes until burning was initiated.
The binary results were reported as no sustained fire growth after ignition (B = 0) or a fully
developed fire (B = 1) having a heat release rate greater than 200 kW. The solid line in
Figure 19 is a fit of equation (24) to the binary full-scale data using best-fit values,
IT* = 754 and m = 46. The results in Figure 19 are consistent with Figure 18 in that there
is no fire propagation of the free-standing monitors for flammability classifications, UL
94 V-1 and V-0, while fire growth to a fully developed fire is observed for UL 94 V-2 and
HB classifications, regardless of the type of fire-retardant additive.

Figure 20 is a summary of the UL 94 vertical classifications reported in Bundy and
Ohlemiller® and Hong et.al.,*” versus the fire growth potential A and product fire hazard IT
computed using equations (22) and (2), respectively, from the cone calorimeter data for 1.6,
2.1, and 3.2-mm thick samples of PC, HIPS, ABS, PC/ABS, PP, and PS tested as natural
materials or modified with non-halogen (mainly phosphorus) and bromine-containing flame
retarding additives. The poor correlation of A and IT with UL 94 V classifications in Figure
20 is inconsistent with the UL 94 V classification of full-scale fire growth as a categorical
outcome in Figures 18 and 19 because of sample thickness, melting, dripping, and three-
dimensional burning effects that influence UL 94 V classifications but have no effect on A
and IT.

Figure 21 is a plot of measured (black circles) and estimated (gray circles) times to flash-
over for natural and flame-retardant wood products in the ISO 9705 room corner fire test®
versus the product fire hazard IT computed from the published cone calorimeter data for
these products.?'*? Time to flashover in this test is defined as the time to reach a heat release
rate of 1 MW in a standard 2.4 m wide X 2.4 m high X 3.6 m deep room lined with test
materials on both walls and the ceiling of a corner that is ignited at the bottom with a pro-
pane burner in 10-minute sequences of 100 and 300 kW. The room fire test is used to classify
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Figure 21. Time to flashover tgg in the ISO 9705 room fire test versus product fire hazard I for building
products and lining materials. Solid line is fit of equation (26) to the measured data (black circles).

building products in Europe for early stage fire growth potential.® The empirical relationship
used to estimate the times to flashover for wood and other products (gray circles) that were
tested in the cone calorimeter but not in the full-scale room fire test was, tpo(s) = 0.07t,~g,10‘25
p"7JTHR'? + 60s,>' based on a correlation of the time to flashover in the ISO 9705 room
fire test for 28 materials having density p and for which the time-to-ignition #;, and the heat
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release H. at 300 s were measured in a cone calorimeter at ¢.,, = 50 kW/m2 according to
the standard method.> The trend of the measured and estimated 7po versus II shown in
Figure 21 indicates that the rate of decrease in the time to flashover (1 MW) in the ISO 9705
room fire test is inversely proportional to IT, that is

dtro 1 _ 1
~ T (29)

Separating variables in equation (25) and integrating from the minimum value, I, at

flashover time ¢,
tp0:f0<1 + In |:%:|) <26)

The solid line through the data points in Figure 21 is equation (26) with best-fit nonlinear
regression parameters, [1, = 200 at ¢, = 2 minutes. The correlation coefficient of equation
(26) to the measured tpo with these parameters is R = 0.90. Products with
tro = 10 minutes receive a Class 1 Rating in the British, French, German, and
Scandinavian fire standards, corresponding to II=< 75 as the sole explanatory variable in
Figure 21.

Summary and conclusion

The continuous and coupled processes of surface flame-spread and in-depth burning of com-
bustible solids that drive fire growth are represented by their ignition and forced combustion
behavior in a cone calorimeter as the product of ignitability and combustibility. This defini-
tion of the potential for fire growth by a combustible solid in a cone calorimeter, A, is mea-

t .
sured by plotting the time integral of the areal heat release rate Q(¢) = [ O(x)dx versus the
0

t
time integral of the constant external energy flux Eo(t)=51ex,fdx:éjextt, in a combustion
0

energy diagram of Q versus E, whose onset is the nominal ignition energy E,g,,o and whose
maximum slope AQ/AE| is the combustibility. The fire growth potential is defined by these
two combustion energy diagram parameters and approximated by the parametric form

1 A 1 '
A = Ignitabilityx Combustibility= ( ) (—Q) ~ ( ) (%> (27)
Eign, 0 AEO qexttign Gext

A constitutive relationship for the reaction A of a combustible solid having fire compli-
ance K to the thermal stress g,., from a heater or fire follows from steady burning and igni-

tion theory
1 0., he/hg | . . .
A= < > ( > = % net :K(qext - qign) (28)
Gnetlign Dnet KpcPATign

The constitutive relationship equation (28) shows is that A is proportional to the difference
between ¢.,, and energy flux for ignition g,,. The intersection of the A and E,g, lines with the
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constant b lines in Figures 9 to 14 suggests that the critical energy flux for sustained burning
is in the range EHF* = 47, = 45+ 5 kW /m? for non-charring materials, and @y = 15 =
5 kW/m? for charring materials, with the value for a particular material given as

é]:xg:qmtrn :/\/K'*'C.]ign (29)

Consequently, the typical literature value, g.,, = 50 kW/m2 ~ §pum Should be suitable for
most non-charring polymers and considered a standard for reporting A.

The potential of a combustible material or product to grow a fire is only realized as a
hazard if the heat of combustion/fire load is sufficient to sustain fire growth. For a material
or product having total heat of combustion per unit area, H, (MJ/m?), the dimensionless
product fire hazard is

[I=AH, (30)

The product fire hazard IT successfully correlates the categorical outcome of fire tests of
free-standing telecommunication equipment (Figures 18 and 19, IT = 760 = 8) and the
FIGRA of building materials in a full-scale ISO 9705 room fire test (Figure 21, I~ 75)
when used as the sole explanatory variable—the critical value of which reflects the severity
of the fire test. In small-scale vertical flammability tests**>® of thin rectangular bars, three-
dimensional burning, sample thickness, and flaming drops effect the classification but have
no effect on the one-dimensional, forced horizontal burning in a cone calorimeter, so the
correlation of A, I, and 7 with small flame tests is expected to be, and is, poor (Figure 20).
The material fire hazard, = II/b, is an intensive measure of flammability as evidenced by
the successful ranking of the observed fire performance of polymers in small- and bench-
scale flammability tests (Figure 16) as well as its correlation with the intensive, molecular-
level, FGC of polymers (Figure 17).
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