
Designation: E1354 − 17 An American National Standard

Standard Test Method for
Heat and Visible Smoke Release Rates for Materials and
Products Using an Oxygen Consumption Calorimeter1

This standard is issued under the fixed designation E1354; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (´) indicates an editorial change since the last revision or reapproval.

1. Scope*

1.1 This fire-test-response standard provides for measuring
the response of materials exposed to controlled levels of
radiant heating with or without an external ignitor.

1.2 This test method is used to determine the ignitability,
heat release rates, mass loss rates, effective heat of combustion,
and visible smoke development of materials and products.

1.3 The rate of heat release is determined by measurement
of the oxygen consumption as determined by the oxygen
concentration and the flow rate in the exhaust product stream.
The effective heat of combustion is determined from a con-
comitant measurement of specimen mass loss rate, in combi-
nation with the heat release rate. Smoke development is
measured by obscuration of light by the combustion product
stream.

1.4 Specimens shall be exposed to initial test heat fluxes in
the range of 0 to 100 kW/m2. External ignition, when used,
shall be by electric spark. The value of the initial test heat flux
and the use of external ignition are to be as specified in the
relevant material or performance standard (see X1.2). The
normal specimen testing orientation is horizontal, independent
of whether the end-use application involves a horizontal or a
vertical orientation. The apparatus also contains provisions for
vertical orientation testing; this is used for exploratory or
diagnostic studies only.

1.5 Ignitability is determined as a measurement of time
from initial exposure to time of sustained flaming.

1.6 This test method has been developed for use for material
and product evaluations, mathematical modeling, design
purposes, or development and research. Examples of material
specimens include portions of an end-use product or the
various components used in the end-use product.

1.7 The values stated in SI units are to be regarded as
standard. No other units of measurement are included in this
standard.

1.8 This standard is used to measure and describe the
response of materials, products, or assemblies to heat and
flame under controlled conditions, but does not by itself
incorporate all factors required for fire hazard or fire risk
assessment of the materials, products, or assemblies under
actual fire conditions.

1.9 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use. For specific hazard
statements, see Section 7.

1.10 Fire testing is inherently hazardous. Adequate safe-
guards for personnel and property shall be employed in
conducting these tests.

1.11 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:2

D5865 Test Method for Gross Calorific Value of Coal and
Coke

E176 Terminology of Fire Standards
E177 Practice for Use of the Terms Precision and Bias in

ASTM Test Methods
E603 Guide for Room Fire Experiments
E662 Test Method for Specific Optical Density of Smoke

Generated by Solid Materials
E691 Practice for Conducting an Interlaboratory Study to

Determine the Precision of a Test Method
E906 Test Method for Heat and Visible Smoke Release

Rates for Materials and Products Using a Thermopile
Method

1 This test method is under the jurisdiction of ASTM Committee E05 on Fire
Standardsand is the direct responsibility of Subcommittee E05.21 on Smoke and
Combustion Products.

Current edition approved July 1, 2017. Published August 2017. Originally
approved in 1990. Last previous edition approved in 2016 as E1354 - 16a. DOI:
10.1520/E1354-17.

2 For referenced ASTM standards, visit the ASTM website, www.astm.org, or
contact ASTM Customer Service at service@astm.org. For Annual Book of ASTM
Standards volume information, refer to the standard’s Document Summary page on
the ASTM website.

*A Summary of Changes section appears at the end of this standard
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2.2 ISO Standards:3

ISO 5657-1986(E) Fire Tests—reaction to fire—ignitability
of building materials

ISO 5660-1(2015) Reaction-to-fire tests – Heat release,
smoke production and mass loss rate – Part 1: Heat release
rate (cone calorimeter method) and smoke production rate
(dynamic measurement)

ISO 5725-2 (1994) Accuracy (trueness and precision) of
measurement methods and results — Part 2: Basic method
for the determination of repeatability and reproducibility
of a standard measurement method

ISO 9705-1 (2016) Reaction to fire tests – Room corner test
for wall and ceiling lining products – Part 1: Test method
for a small room configuration

3. Terminology

3.1 Definitions—For definitions of terms used in this test
method, refer to Terminology E176.

3.2 Definitions of Terms Specific to This Standard:
3.2.1 critical heat flux for ignition, n—the midpoint within

the range of heat fluxes between the maximum (highest) heat
flux that produces no ignition and the minimum (lowest) heat
flux that produces ignition, for a specified exposure time.

3.2.2 effective heat of combustion, n—the amount of heat
generated per unit mass lost by a material, product or assembly,
when exposed to specific fire test conditions (contrast gross
heat of combustion).

3.2.2.1 Discussion—The effective heat of combustion de-
pends on the test method and is determined by dividing the
measured heat release by the mass loss during a specified
period of time under the specified test conditions.Typically, the
specified fire test conditions are provided by the specifications
of the fire test standard that cites effective heat of combustion
as a quantity to be measured. For certain fire test conditions,
involving very high heat and high oxygen concentrations under
high pressure, the effective heat of combustion will approxi-
mate the gross heat of combustion. More often, the fire test
conditions will represent or approximate certain real fire
exposure conditions, and the effective heat of combustion is the
appropriate measure. Typical units are kJ/g or MJ/kg.

3.2.3 gross heat of combustion, n—the maximum amount of
heat per unit mass that theoretically can be released by the
combustion of a material, product, or assembly; it can be
determined experimentally and only under conditions of high
pressure and in pure oxygen (contrast effective heat of com-
bustion).

3.2.4 heat flux, n—heat transfer to a surface per unit area,
per unit time (see also initial test heat flux).

3.2.4.1 Discussion—The heat flux from an energy source,
such as a radiant heater, can be measured at the initiation of a
test (such as Test Method E1354 or Test Method E906) and
then reported as the incident heat flux, with the understanding
that the burning of the test specimen can generate additional
heat flux to the specimen surface. The heat flux can also be

measured at any time during a fire test, for example as
described in Guide E603, on any surface, and with measure-
ment devices responding to radiative and convective fluxes.
Typical units are kW/m2, kJ/(s m2), W/cm2, or BTU/(s ft2).

3.2.5 heat release rate, n—the heat evolved from the
specimen, per unit of time.

3.2.6 ignitability, n—the propensity to ignition, as measured
by the time to sustained flaming, in seconds, at a specified
heating flux.

3.2.7 initial test heat flux, n—the heat flux set on the test
apparatus at the initiation of the test (see also heat flux).

3.2.7.1 Discussion—The initial test heat flux is the heat flux
value commonly used when describing or setting test condi-
tions.

3.2.8 net heat of combustion, n—the oxygen bomb (see Test
Method D5865) value for the heat of combustion, corrected for
gaseous state of product water.

3.2.8.1 Discussion—The net heat of combustion differs
from the gross heat of combustion in that the former assesses
the heat per unit mass generated from a combustion process
that ends with water in the gaseous state while the latter ends
with water in the liquid state.

3.2.9 orientation, n—the plane in which the exposed face of
the specimen is located during testing, either vertical or
horizontal facing up.

3.2.10 oxygen consumption principle, n—the expression of
the relationship between the mass of oxygen consumed during
combustion and the heat released.

3.2.11 smoke obscuration, n—reduction of light transmis-
sion by smoke, as measured by light attenuation.

3.2.12 sustained flaming, n—existence of flame on or over
most of the specimen surface for periods of at least 4 s.

3.2.12.1 Discussion—Flaming of less than 4 s duration is
identified as flashing or transitory flaming.

3.3 Symbols:

As = nominal specimen exposed surface area, 0.01 m2.
C = calibration constant for oxygen consumption

analysis, m1/2 − kg1/2 − K1/2.
∆hc = net heat of combustion, kJ/kg.
∆ hc,eff = effective heat of combustion, kJ/kg.
I = actual beam intensity.
Io = beam intensity with no smoke.
k = smoke extinction coefficient, m−1.
L = extinction beam path length, m.
m = specimen mass, kg.
mf = final specimen mass, kg.
mi = initial specimen mass, kg.
m = specimen mass loss rate, kg/s.
∆P = orifice meter pressure differential, Pa.
q"tot = total heat released, kJ/m2 (Note that kJ ≡ kW·s).
q̇ = heat release rate, kW.
q̇" = heat release rate per unit area, kW/m2.
q̇"max = maximum heat release rate per unit area (kW/m2).
q̇"180 = average heat release rate, per unit area, over the

time period starting at tig and ending 180 s later
(kW/m2).

3 Available from American National Standards Institute (ANSI), 25 W. 43rd St.,
4th Floor, New York, NY 10036, http://www.ansi.org.
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r = repeatability (the units are the same as for the
variable being characterized).

R = reproducibility (the units are the same as for the
variable being characterized).

ro = stoichiometric oxygen/fuel mass ratio (–).
sr = sample-based standard deviation estimate for re-

peatability (same units as r).
sR = sample-based standard deviation estimate for re-

producibility (same units as R).
t = time, s.
td = oxygen analyzer delay time, s.
tig = time to sustained flaming (s).
ρ = density (kg/m3).
∆t = sampling time interval, s.
Te = absolute temperature of gas at the orifice meter, K.
V̇ = volume exhaust flow rate, measured at the location

of the laser photometer, m3/s.
XO2

= oxygen analyzer reading, mole fraction O2 (–).
XO2

0 = initial value of oxygen analyzer reading (–).
XO2

1 = oxygen analyzer reading, before delay time correc-
tion (–).

σf = specific extinction area, for smoke, m2/kg.
σr = repeatability standard deviation (same units as r).
σR = reproducibility standard deviation (same units as

R).

4. Summary of Test Method

4.1 This test method is based on the observation (1)4 that,
generally, the net heat of combustion is directly related to the
amount of oxygen required for combustion. The relationship is
that approximately 13.1 × 103 kJ of heat are released per 1 kg
of oxygen consumed. Specimens in the test are burned in

ambient air conditions, while being subjected to a predeter-
mined initial test heat flux, which can be set from 0 to 100
kW/m2. The test permits burning to occur either with or
without spark ignition. The primary measurements are oxygen
concentrations and exhaust gas flow rate. Additional measure-
ments include the mass-loss rate of the specimen, the time to
sustained flaming and smoke obscuration, or as required in the
relevant material or performance standard.

5. Significance and Use

5.1 This test method is used primarily to determine the heat
evolved in, or contributed to, a fire involving products of the
test material. Also included is a determination of the effective
heat of combustion, mass loss rate, the time to sustained
flaming, and smoke production. These properties are deter-
mined on small size specimens that are representative of those
in the intended end use.

5.2 This test method is applicable to various categories of
products and is not limited to representing a single fire
scenario. Additional guidance for testing is given in X1.2.3 and
X1.11.

5.3 This test method is not applicable to end-use products
that do not have planar, or nearly planar, external surfaces.

6. Apparatus

6.1 General:

6.1.1 All dimensions given in the figures that are followed
by an asterisk are mandatory, and shall be followed within
nominal tolerances of 61 mm, unless otherwise specified.
Particularly critical dimensions are followed by an asterisk in
Figs. 1-12.

4 The boldface numbers in parentheses refer to the list of references at the end of
this test method.

NOTE 1—All dimensions are in millimetres.
NOTE 2—* Indicates a critical dimension.

FIG. 1 Overall View of Apparatus
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6.1.2 The test apparatus5 shall consist essentially of the
following components: a conical radiant electric heater, ca-
pable of horizontal or vertical orientation; specimen holders,

different for the two orientations; an exhaust gas system with
oxygen monitoring and flow measuring instrumentation; an
electric ignition spark plug; a data collection and analysis
system; and a load cell for measuring specimen mass loss. A
general view of the apparatus is shown in Fig. 1; a cross section
through the heater in Fig. 2; and exploded views of horizontal
and vertical orientations in Fig. 3 and Fig. 4.

6.1.3 Additional details describing features and operation of
the test apparatus are given in Ref (2).

6.2 Conical Heater:
6.2.1 The active element of the heater shall consist of an

electrical heater rod, rated at 5000 W at 240 V, tightly wound
into the shape of a truncated cone (Fig. 2 and Fig. 4). The
heater shall be encased on the outside with a double-wall
stainless steel cone, packed with a refractory fiber material of
approximately 100 kg/m3 density.

6.2.2 The heater shall be hinged so it can be swung into
either a horizontal or a vertical orientation. The heater shall be
capable of producing irradiances on the surface of the speci-
men of up to 100 kW/m2. The irradiance shall be uniform
within the central 50 by 50-mm area of the specimen to within
62 % in the horizontal orientation and to within 610 % in the
vertical orientation. As the geometry of the heater is critical,
the dimensions on Fig. 2 are mandatory.

6.2.3 The irradiance from the heater shall be capable of
being held at a preset level by means of a temperature
controller and three type K stainless steel sheathed
thermocouples, symmetrically disposed and in contact with,
but not welded to, the heater element (see Fig. 2). The
thermocouples shall be of equal length and wired in parallel to
the temperature controller. The standard thermocouples are
sheathed, 1.5 and 1.6 mm outside diameter, with an unexposed
hot junction. Alternatively, either 3 mm outside diameter
sheathed thermocouples with an exposed hot junction or 1 mm
outside diameter sheathed thermocouples with unexposed hot
junction can be used.

6.3 Temperature Controller:
6.3.1 The temperature controller for the heater shall be

capable of holding the element temperature steady to within
62°C. A suitable system is a 3-term controller (proportional,
integral, and derivative) and a thyristor unit capable of switch-
ing currents up to 25 A at 240 V.

6.3.2 The controller shall have a temperature input range of
0 to 1000°C; a set scale capable of being read to 2°C or better;
and automatic cold junction compensation. The controller shall
be equipped with a safety feature such that in the event of an
open circuit in the thermocouple line, it will cause the
temperature to fall to near the bottom of its range.

6.3.3 The thyristor unit shall be of the zero crossing and not
of the phase angle type.

6.3.4 The heater temperature shall be monitored by a meter
capable of being read to 62°C, or better. It shall be permitted
to be incorporated into the temperature controller.

6.4 Exhaust System:
6.4.1 The exhaust-gas system shall consist of a high tem-

perature centrifugal exhaust fan, a hood, intake and exhaust5 A list of suppliers of this apparatus is available from ASTM Headquarters.

NOTE 1—All dimensions are in millimetres.
NOTE 2—* Indicates a critical dimension.

FIG. 2 Cross-Section View Through the Heater

FIG. 3 Exploded View, Horizontal Orientation

FIG. 4 Exploded View, Vertical Orientation
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NOTE 1—All dimensions are in millimetres (not to scale).
FIG. 5 Exhaust System

NOTE 1—All dimensions are in millimetres.
NOTE 2—* Indicates a critical dimension.

FIG. 6 Horizontal Specimen Holder
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ducts for the fan, and an orifice plate flowmeter (Fig. 5). The
exhaust system shall be capable of developing flows from
0.012 to 0.035 m3/s.

6.4.2 A restrictive orifice (57 mm inside diameter) shall be
located between the hood and the duct to promote mixing.

6.4.3 A ring sampler shall be located in the fan intake duct
for gas sampling, 685 mm from the hood (Fig. 1). The ring
sampler shall contain twelve holes to average the stream
composition with the holes facing away from the flow to avoid
soot clogging.

6.4.4 The temperature of the gas stream shall be measured
using a 1.0 to 1.6 mm outside diameter sheathed-junction
thermocouple or a 3 mm outside diameter exposed junction

thermocouple positioned in the exhaust stack on the centerline
and 100 mm upstream from the measuring orifice plate.

6.4.5 The flow rate shall be determined by measuring the
differential pressure across a sharp-edged orifice (57 mm inside
diameter) in the exhaust stack, at least 350 mm downstream
from the fan when the latter is located as shown in Fig. 5.

6.4.6 In other details, the geometry of the exhaust system is
not critical. Where necessary, small deviations from the rec-
ommended dimensions given in Fig. 5 shall be permitted to be
made. The inner diameter of the duct and the orifice plates is
not a critical dimension. Also the fan does not need to be at the
exact location as indicated on Fig. 5, but shall be permitted to
be further downstream, allowing for a more common type of

NOTE 1—All dimensions are in millimetres except where noted.
NOTE 2—* Indicates a critical dimension.

FIG. 7 Vertical Specimen Holder
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fan to be used. In this case, sufficient undisturbed inflow
distances to the gas sampling probe and the measuring orifice
shall be provided for the flow to be uniformly mixed.

6.5 Load Cell—The general arrangement of the specimen
holders on the load cell is indicated in Fig. 3 and Fig. 4. The
load cell shall have an accuracy of 0.1 g, and shall have a total
weighing range of at least 3.5 kg of which at least 500 g shall
be available for direct monitoring during any single test.

6.6 Specimen Mounting:
6.6.1 The horizontal specimen holder is shown in Fig. 6.

The bottom shall be constructed of 2.4 mm nominal stainless
steel and it shall have outside dimensions of 106 mm by 106
mm by a 25 mm height (tolerance in dimensions: 62 mm).

6.6.1.1 An open stainless steel square, 59 mm in inside
dimensions, shall be spot welded to the underside of the
horizontal specimen holder, to facilitate the centering of the

specimen under the cone heater. The leading edge of the open
square underneath the specimen holder, which is the one
opposite the handle, is optional. The open square on the bottom
of the specimen holder shall be designed to seat with the
sample mount assembly located at the top of the load cell
ensuring that the specimen holder is centered with respect to
the cone heater.

6.6.2 The bottom of the horizontal specimen holder shall be
lined with a layer of low density (nominal density 65 kg/m3 )
refractory fiber blanket with a thickness of at least 13 mm. The
distance between the bottom surface of the cone heater and the
top of the specimen shall be adjusted to be 25 mm except as
indicated in 6.6.2.1. For mechanisms constructed according to
the drawing in Fig. 2, this is accomplished by using the sliding
cone height adjustment.

6.6.2.1 Materials that intumesce or deform to such an extent
that they make physical contact with either (a) the spark plug
before ignition or (b) the underside of the cone heater after
ignition shall be tested by adjusting the distance between the
bottom surface of the cone heater and the top of the specimen
to 60 mm, or as described in 6.6.4.

6.6.2.2 If a test is conducted in accordance with the speci-
men mounting in 6.6.2.1 (a 60 mm distance), the heat flux
calibration shall be performed with the heat flux meter posi-
tioned 60 mm below the cone heater base plate (see 10.1.1 and
10.1.2).

6.6.2.3 If a test has been conducted with a distance of 25
mm and the type of physical contact described in 6.6.2.1 has
occurred, that test shall be deemed invalid and additional
testing shall be conducted in accordance with 6.6.2.1.

6.6.3 The vertical specimen holder is shown in Fig. 7 and
includes a small drip tray to contain a limited amount of molten
material. A specimen shall be installed in the vertical specimen
holder by backing it with a layer of refractory fiber blanket
(nominal density 65 kg/m3), the thickness of which depends on
specimen thickness, but shall be at least 13 mm thick. A layer
of rigid, ceramic fiber millboard shall be placed behind the
fiber blanket layer. The millboard thickness shall be such that
the entire assembly is rigidly bound together once the retaining
spring clip is inserted behind the millboard. In the vertical
orientation, the cone heater height is set so the center lines up
with the specimen center.

6.6.4 Intumescent Materials—The testing technique to be
used when testing intumescing specimens in the horizontal
orientation shall be documented in the test report. Options
include those shown in 6.6.4.1 through 6.6.4.4.

6.6.4.1 Use a retainer frame or edge frame (Fig. 12) in the
horizontal orientation.

NOTE 1—The edge frame is used to reduce unrepresentative edge
burning of specimens.

6.6.4.2 Use a wire grid (Fig. 8), whether testing is con-
ducted in the horizontal or in the vertical orientations.

NOTE 2—The wire grid is used for retaining specimens prone to
delamination and is suitable for several types of intumescent specimens.

6.6.4.3 Use a separation distance between the cone base
plate and the upper specimen surface of 60 mm instead of 25
mm. Use this technique for those dimensionally unstable

NOTE 1—All dimensions are in millimetres.
FIG. 8 Optional Wire Grid (For Horizontal or Vertical Orientation)

NOTE 1—Rotameter is on outlet of the oxygen (O2) analyzer.
FIG. 9 Gas Analyzer Instrumentation
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materials that have the potential to intumesce or deform to such an extent that they are likely to make physical contact with

FIG. 10 Smoke Obscuration Measuring System

NOTE 1—All dimensions are in millimetres except where noted.
FIG. 11 Calibration Burner

E1354 − 17

8

 



either (a) the spark plug before ignition or (b) the underside of
the cone heater after ignition. In this configuration, the spark
igniter will be located 48 6 2 mm above the center of the
specimen.

NOTE 3—The time to ignition measured with the 60 mm separation is
not comparable to that measured with the standard separation of 25 mm.

6.6.4.4 Use a special mounting procedure suitable for the
specimen to be tested.

6.6.5 Unstable materials that warp so that the exposed
surface of the test specimen is not flat during testing shall be
restrained to maintain the surface in a flat orientation. This
shall be accomplished with four tie wires, as described in
6.6.5.1 through 6.6.5.4.

6.6.5.1 The four tie wires shall be metal wires, 1.0 6 0.1
mm in diameter and at least 350 mm long.

6.6.5.2 The test specimen shall be prepared as described in
Section 8 and then tied with the metal wires.

6.6.5.3 A tie wire shall be looped around the specimen
holder assembly so that it is parallel to and 20 6 2 mm away
from any of the four sides of the assembly. The ends of the tie

wire shall be twisted together such that the wire is pulled firmly
against the specimen holder assembly. Trim excess wire from
the twisted section before testing.

6.6.5.4 Fit the other three tie wires around the specimen
holder assembly in a similar manner, so that each one is
parallel to one of the sides of the assembly.

6.6.6 Melting Materials:
6.6.6.1 Materials that melt and overflow the aluminum foil

wrapping (see 8.1.1) during testing shall be tested using
aluminum foil that extends above the specimen surface level.

The aluminum foil extension above the specimen surface
shall be such that melt overflow is contained, without interfer-
ing with the combustion process. A height of 2-3 mm is
recommended.

6.6.6.2 If a test has been conducted as indicated in 8.1.1
without using the special technique described in 6.6.6.1 and
melt overflow has occurred, that test shall be deemed invalid
and the technique in 6.6.6.1 shall be used for future tests.

6.7 Radiation Shield—The cone heater shall be provided
with a removable radiation shield to protect the specimen from
the initial test heat flux prior to the start of a test. The shield
shall be made of noncombustible material with a total thickness
not to exceed 12 mm. The shield shall be one of the following:

(a) water cooled and coated with a durable matte black
finish of surface emissivity e = 0.95 6 0.05 or

(b) not water cooled with a metallic reflective top surface
to minimize radiation transfer.

(c) not water-cooled, with a ceramic, non-metallic, surface
that minimizes radiation transfer to the specimen surface.

The shield shall be equipped with a handle or other suitable
means for quick insertion and removal. The cone heater base
plate shall be equipped with the means for holding the shield in
position and allowing its easy and quick removal.

6.8 Ignition Circuit—External ignition is accomplished by a
10-kV discharge across a 3–mm spark gap located 13 6 2 mm
above the center of the specimen in the horizontal orientation;
in the vertical orientation the gap is located in the specimen
face plane and 5 mm above the top of the holder. A suitable
power source is a transformer designed for spark-ignition use
or a spark generator. The high voltage connections to the spark
electrodes shall not be grounded to the chassis in order to
minimize interference with the data-transmission lines. For
testing with electric spark ignition, spark discharge shall be
continuously operating at 50 to 60 Hz until sustained flaming
is achieved. The ignitor shall be removed when sustained
flaming is achieved.

6.9 Ignition Timer—The timing device for measuring time
to sustained flaming shall be capable of recording elapsed time
to the nearest second and shall be accurate to within 1 s in 1 h.

6.10 Gas Sampling—Gas sampling arrangements are shown
in Fig. 9. They shall incorporate a pump, a filter to prevent
entry of soot, a cold trap to remove most of the moisture, a
bypass system set to divert all flow except that required for the
oxygen analyzer, a further moisture trap, and a trap for carbon
dioxide (CO2) removal; the latter if CO2 is not measured.
When a CO2 trap is used, the sample stream entering the

NOTE 1—All dimensions are in millimetres.
NOTE 2—* Indicates a critical dimension.

FIG. 12 Optional Retainer Frame for Horizontal Orientation Test-
ing
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oxygen analyzer must be fully dry; some designs of CO2 traps
require an additional moisture trap downstream of the CO2

trap.

NOTE 4—If an optional CO2 analyzer is used instead of removing CO2
from the oxygen analyzer stream, the equations to calculate the rate of
heat release will be different from those for the standard case (Section 12)
and are, instead, given in Annex A1.

6.11 Oxygen Analyzer—The analyzer shall be of the para-
magnetic type with a range from 0 to 25 % oxygen. The
analyzer shall exhibit a linear response and drift of not more
than 650 ppm of oxygen over a period of 30 min, and noise of
not more than 50 ppm of oxygen (root-mean-square value)
during this same 30 min period. Since oxygen analyzers are
sensitive to stream pressures, the stream pressure shall be
regulated (upstream of the analyzer) to allow for flow
fluctuations, and the readings from the analyzer compensated
with an absolute pressure regulator to allow for atmospheric
pressure variations. The analyzer and the absolute pressure
regulator shall be located in a constant-temperature environ-
ment. The oxygen analyzer shall have a 10 to 90 % response
time of less than 12 s.

6.12 Smoke Obscuration Measuring System—The smoke
measuring system (Fig. 10) comprises a helium-neon laser,
silicon photodiodes as main beam and reference detectors, and
appropriate electronics to derive the extinction coefficient and
to set the zero reading. The system is designed to be resiliently
attached to the exhaust duct by means of refractory gasketing,
at the location shown in Fig. 5. This shall be achieved by one
of the following options: (a) the use of an optical bench, or (b)
the use of a split yoke mounting comprising two pieces that are
rigidly screwed together. The meter is located in place by
means of two small-diameter tubes welded onto each side of
the exhaust duct. These serve as part of the light baffling for the
air purging and also serve to aid in the desposition on the tube
walls of any smoke that enters despite the purge flow, so that
it does not reach the optical elements.

6.13 Heat Flux Meter:
6.13.1 The total heat fluxmeter shall be of the Gardon (foil)

or Schmidt-Boelter (thermopile) type with a design range of
about 100 kW/m2. The sensing surface of the fluxmeter shall be
flat, circular, approximately 12.5 mm in diameter, and coated
with a durable matte-black finish. The fluxmeter shall be water
cooled. Radiation shall not pass through any window before
reaching the sensing surface. The instrument shall be robust,
simple to set up and use, and stable in calibration. The
instrument shall have an accuracy of within 63 %.

6.13.2 The calibration of the heat fluxmeter shall be checked
whenever a recalibration of the apparatus is carried out by
comparison with an instrument (of the same type as the
working heat fluxmeter and of similar range) held as a
reference standard and not used for any other purpose. The
reference standard shall be fully calibrated at a standardizing
laboratory at yearly intervals.

6.13.3 This meter shall be used to calibrate the heater
temperature controller (Fig. 3 and Fig. 4). It shall be positioned
at a location equivalent to the center of the specimen face in
either orientation during this calibration.

6.14 Calibration Burner—To calibrate the rate of heat
release apparatus, a burner is used (Fig. 3 and Fig. 4). The
burner is constructed from a square-section brass tube with a
square orifice covered with wire gauze through which the
methane diffuses (Fig. 11). The tube is packed with ceramic
fiber to improve uniformity of flow. The calibration burner is
suitably connected to a metered supply of methane of at least
99.5 % purity.

6.15 Optical Calibration Filters—Glass neutral density
filters, of at least two different values accurately calibrated at
the laser wavelength of 0.6328 µm, are required.

6.16 Digital Data Collection—The data collection system
used must have facilities for the recording of the output from
the oxygen analyzer, the orifice meter, the thermocouples, the
load cell, and the smoke measuring system. The data collection
system shall have an accuracy corresponding to at least 50 ppm
oxygen for the oxygen channel, 0.5°C for the temperature
measuring channels, and 0.01 % of full-scale instrument output
for all other instrument channels. The system shall be capable
of recording data at intervals not exceeding 5 s.

7. Hazards

7.1 The test procedures involve high temperatures and
combustion processes. Therefore, hazards exist for burns,
ignition of extraneous objects or clothing, and for inhalation of
combustion products. The operator shall use protective gloves
for insertion and removal of test specimens. Neither the cone
heater nor the associated fixtures shall be touched while hot
except with the use of protective gloves. The possibility of the
violent ejection of molten hot material or sharp fragments from
some kinds of specimens when irradiated cannot totally be
discounted and eye protection shall be worn.

7.2 The exhaust system shall be checked for proper opera-
tion before testing and must discharge into a building exhaust
system with adequate capacity. Provision shall be made for
collecting and venting any combustion products that are not
collected by the normal exhaust system of the apparatus.

8. Test Specimens

8.1 Size and Preparation:
8.1.1 Test specimens shall be 100 by 100 mm in area, up to

50-mm thick, and cut to be representative of the construction of
the end-use product. For products of normal thickness greater
than 50 mm, the requisite specimens shall be obtained by
cutting away the unexposed face to reduce the thickness to 50
mm. For testing, wrap specimens in a single layer of aluminum
foil, shiny side toward the specimen, covering the sides and
bottom. Foil thickness shall be 0.025 to 0.04 mm.

8.1.2 Expose composite specimens in a manner typical of
the end-use condition. Prepare them so the sides are covered
with the outer layer(s) or otherwise protected.

8.1.3 Some materials, including composites, intumescing
materials, other dimensionally unstable materials, materials
that warp during testing and materials that melt and overflow
the aluminum foil (8.1.1) during testing, require special mount-
ing and retaining techniques to retain them adequately within
the specimen holder during combustion. Section 6.6 describes
some of the key techniques. The exact mounting and retaining
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method used shall be specified in the test report. Additional
specialized guidance to the operator is provided in Ref (2).

8.1.4 Assemblies shall be tested as specified in 8.1.2 or 8.1.3
as appropriate. However, where thin materials or composites
are used in the fabrication of an assembly, the presence of an
air gap or the nature of any underlying construction often
significantly affects the ignition and burning characteristics of
the exposed surface. The influence of the underlying layers
must be understood and care taken to ensure that the test result
obtained on any assembly is relevant to its use in practice.
When the product is a material or composite that is normally
attached to a well defined substrate, it shall be tested in
conjunction with that substrate, using the recommended fixing
technique, for example, bonded with the appropriate adhesive
or mechanically fixed.

8.1.5 Products that are thinner than 6 mm shall be tested
with a substrate representative of end use conditions, such that
the total specimen thickness is 6 mm or more. In the case of
specimens of less than 6 mm in thickness and that are used with
an air space adjacent to the unexposed face, the specimens
shall be mounted so that there is an air space of at least 12 mm
between its unexposed face and the refractory fibre blanket.
This is achieved by the use of a metal spacer frame.

8.1.6 Asymmetrical Products—A sample submitted for this
test is permitted to have faces which differ from each other, or
contain laminations of different materials arranged in a differ-
ent order in relation to the two faces. If either of the faces is
potentially exposed to a fire in use within a room, cavity or
void, then both faces shall be tested.

8.2 Conditioning—Specimens shall be conditioned to mois-
ture equilibrium (constant weight) at an ambient temperature of
23 6 3°C and a relative humidity of 50 6 5 %.

9. Test Environment

9.1 The apparatus shall be located in a draft-free environ-
ment in an atmosphere of relative humidity of between 20 and
80 % and a temperature between 15 and 30°C.

10. Calibration of Apparatus

10.1 Heater Flux Calibration—Set the temperature control-
ler to the required flux by using the heat fluxmeter at the start
of the test day, after changing to a new flux level, or when the
cone-heater orientation or the distance between the cone heater
and the top of the specimen is changed. Do not use a specimen
holder when the heat fluxmeter is inserted into the calibration
position. Operate the cone heater for at least 10 min and ensure
that the controller is within its proportional band before
beginning this calibration.

10.1.1 Calibrate the heat flux by placing the heat fluxmeter
at the same distance from the base plate of the cone heater as
the upper surface of the specimen will be placed during testing.
This will normally be a distance of 25 mm. However, under
certain circumstances, this distance will be different, depending
on the specimen mounting (see 6.6).

10.1.2 Note that times to sustained flaming measured with
different distances between the base plate of the cone heater
and the upper surface of the specimen are likely to be different.

10.2 Oxygen Analyzer Calibration:

10.2.1 Preliminary Calibrations:

10.2.1.1 The oxygen analyzer delay time must be deter-
mined. This is done by arranging for a methane flow rate
equivalent to 5 kW to the calibration burner. The heater shall
not be turned on for this calibration. The exhaust flow shall be
set to 0.024 6 0.002 m3/s for this calibration. Record the
output of the analyzer as the methane supply, turned on and
ignited, reaches a steady value for a period of 300 s, and then
returns to baseline after the supply is cut off. Record the
temperature for the exhaust-orifice meter at the same time.
Determine the turn-on delay as the time difference between the
time when the temperature reading increases by more than 8°C
and the time when the oxygen volume percentage reading
decreases by more than 0.75 % (the time when the O2 reading
falls below 20.20 %, if the reference value is 20.95 %).
Determine the turn-off delay similarly at turn-off. Take the
delay time as the average of the turn-on delay and turn-off
delay. Use this value, td, subsequently to time-shift all the
oxygen readings. The reference temperature and oxygen value
used for the turn-on and turn-off delay is the average value over
the 30-s period just before the burner ignites or is turned off.
The temperature reading during this 30-s period shall not have
a standard deviation of more than 2°C and oxygen reading
shall not have a standard deviation of more than 0.01 % (100
ppm).

10.2.1.2 If the oxygen analyzer is equipped with an electric
response-time adjustment, set it so that at turn-off there is just
a trace of overshoot when switching rapidly between two
different calibration gases.

10.2.1.3 The timing of the scans by the data collection
system shall be calibrated with a timer accurate to within 1 s in
1 h. The data output shall show event times correct to 1 s.

10.2.2 Operating Calibrations—At the start of testing each
day, the oxygen analyzer shall be zeroed and calibrated. For
zeroing, the analyzer shall be fed with nitrogen gas with the
same flow rate and pressure as for the sample gases. Calibra-
tion shall be similarly achieved using ambient air and adjusting
for a response of 20.95 %. Analyzer flow rates shall be
carefully monitored and set to be equal to the flow rate used
when testing specimens. After each specimen has been tested,
ensure that a response level of 20.95 % is obtained using
ambient air.

10.3 Heat Release Rate Calibration:

10.3.1 The heat release calibration shall be performed at the
start of testing each day. Methane (purity of at least 99.5 %)
shall be introduced into the calibration burner at a flow rate
corresponding to 5 kW based on the net heat of combustion of
methane (50.0 × 103kJ/kg) using a precalibrated flowmeter.
The flowmeter used shall be one of the following: a dry test
meter, a wet test meter, or an electronic mass flow controller. If
an electronic mass-flow controller is used, it shall be calibrated
periodically against a dry test meter or a wet test meter. The test
meter shall be equipped with devices to measure the tempera-
ture and pressure of the flowing gas, so that it will become
possible to make appropriate corrections to the reading. If a
wet test meter is used, the readings shall also be corrected for
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the moisture content. The exhaust fan shall be set to the speed
to be used for subsequent testing. The required calculations are
given in Section 13.

NOTE 5—It shall be permitted for calibration to be performed with the
cone heater operating or not, but calibration shall not be performed during
heater warm up.

10.4 Load Cell Calibration—The load cell shall be cali-
brated with standard weights in the range of test specimen
weight each day of testing or when the load cell mechanical
zero needs to be adjusted. Adjust the load cell mechanical zero
if necessary due to different specimen holder tare weights after
changing orientation.

10.5 Smoke Meter Calibration—The smoke meter is ini-
tially calibrated to read correctly for two different value neutral
density filters, and also at 100 % transmission. Once this
calibration is set, only the zero value of extinction coefficient
(100 % transmission) normally needs to be verified prior to
each test.

11. Procedure

11.1 Preparation:
11.1.1 Check the CO2 trap and the final moisture trap.

Replace the sorbents if necessary. Drain any accumulated
water in the cold trap separation chamber. Normal operating
temperature of the cold trap shall be the lowest temperature at
which trap freezing does not occur (approximately 0°C).

NOTE 6—If any of the traps or filters in the gas sampling line have been
opened during the check, the gas sampling system shall be checked for
leaks, for example, by introducing pure nitrogen, at the same flow rate and
pressure as for the sample gases, from a nitrogen source connected as
close as possible to the ring sampler. The oxygen analyzer must then read
zero.

11.1.2 Turn on power to the cone heater and the exhaust
blower. (Power to the oxygen analyzer, load cell, and pressure
transducer is not to be turned off on a daily basis.)

11.1.3 Set an exhaust flow rate of 0.024 6 0.002 m3/s.
(Under room temperature conditions this corresponds to ap-
proximately 30 g/s.)

11.1.4 Perform the required calibration procedures specified
in Section 9. In the horizontal orientation, put an empty
specimen holder (with refractory blanket) in place during
warmup and in between tests to avoid excessive heat transmis-
sion to the load cell.

11.1.5 If external ignition is used, position the spark plug
holder in the location appropriate to the orientation being used.

11.2 Procedure:
11.2.1 When ready to test, if testing in the horizontal

orientation, first remove the empty specimen holder.

NOTE 7—When testing in the vertical orientation, the use of an empty
specimen holder is not necessary.

11.2.2 Insert the radiation shield and position the specimen,
in the appropriate holder, in place. The holder must be at room
temperature initially.

11.2.3 Leave the radiation shield in place for a sufficient
time to ensure stability of operation (load cell equilibrium), but
for no longer than 10 s if the shield is not water cooled. Initiate

data collection upon removal of the radiation shield, which
signifies the start of the test. The data collection intervals shall
be 5 s or less.

11.2.4 Put the specimen, held in the appropriate holder, in
place. The specimen holder shall be centered with respect to
the cone heater. The specimen holder shall be at room
temperature initially.

11.2.5 Start the data collection. The data collection intervals
shall be 5 s or less.

11.2.6 Start the ignition timer if external ignition is to be
used. Move the spark plug into place and turn on spark power.

11.2.7 Record the times when flashing or transitory flaming
occur; when sustained flaming occurs, record the time, turn off
the spark, and remove the spark igniter. If the flame extin-
guishes in less than 60 s after turning off the spark, reinsert the
spark igniter within 5 s and turn on the spark. Do not remove
the spark until the entire test is completed. Report these events
in the test report.

11.2.7.1 Sustained flaming occurs once a flame exists over
most of the test specimen surface for at least 4 s (see 3.2.12).
The time to be reported as the time to sustained flaming is the
time when the flaming was initially observed, not the time
when the 4 s period elapsed.

11.2.8 Collect data until 2 min after any one of the follow-
ing conditions first occurs:

11.2.8.1 flaming or other signs of combustion cease,
11.2.8.2 the average mass loss over a 1-min period has

dropped below 150 g/m2,
11.2.8.3 the specimen mass has been consumed and the load

cell has returned to the pre-test value (in g),
11.2.8.4 the oxygen concentration has returned to near the

pretest value for 10 min (as evidenced by a heat release rate of
below 5 kW/m2), or

11.2.8.5 until 60 min have elapsed.
11.2.9 Remove specimen holder.
11.2.10 For testing in the horizontal orientation, replace the

empty specimen holder.
11.2.11 If the specimen does not ignite in 30 min, remove

and discard, unless the specimen is showing signs of heat
evolution.

NOTE 8—Stop testing if explosive spalling or excessive swelling occur.
The procedures described in 8.1 may be useful in mitigating these effects.

11.2.12 Unless otherwise specified in the material or perfor-
mance standard, make three determinations and report as
specified in Section 14. The 180-s mean heat release rate
readings (as specified in Section 14) shall be compared for the
three specimens. If any of these mean readings differ by more
than 10 % from the average of the three readings, then a further
set of three specimens shall be tested. In such cases, report the
averages for the set of six readings.

12. Test Limitations

12.1 The test data have limited validity if any of the
following occur:

12.1.1 In vertical test orientation, the specimen melts suffi-
ciently to overflow the melt trough,

12.1.2 Explosive spalling occurs, or
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12.1.3 The specimen swells sufficiently prior to ignition to
touch the spark plug or swells up to the plane of the heater base
plate during combustion.

13. Calculation

13.1 General—The equations in this section assume only
oxygen is measured, as indicated on the gas analysis system in
Fig. 9. Appropriate equations that can be used for cases where
additional gas analysis equipment (CO2, CO, water vapor) is
used are given in Annex A1. If a CO2 analyzer is used and CO2

is not removed from the oxygen sampling lines, the equations
in Annex A1 must be used.

13.2 Calibration Constant Using Methane—Perform the
methane calibration daily to check for the proper operation of
the instrument and to compensate for minor changes in mass
flow determination. (A calibration more than 5 % different
from the previous one is not normal and suggests instrument
malfunction.) Compute this calibration constant, C, from the
basic heat release equation (Eq 1) or from Eq 2.

5.0 5 ~12.54 3 103! ~1.10! CŒ∆P
Te

~XO2

0 2 XO2!
1.105 2 1.5 XO2

(1)

Solved for C, this gives

C 5
5.0

1.10 ~12.54 3 10 3!
Œ Te

∆P

1.105 2 1.5 XO2

XO2

0 2 XO2

(2)

where 5.0 corresponds to 5.0 kW methane supplied,
12.54 × 10

3

is ∆hc/ro for methane, 1.10 is the ratio of oxygen to
air molecular weights, and the variables are given in 3.1. The
derivation of the basic Eq 1 is given in Refs (3) and (4).

13.3 Calculations for Test Specimen—The following calcu-
lations are generally necessary for various applications. It is
possible that the relevant material or performance standard will
prescribe additional calculations.

13.3.1 Heat Release:
13.3.1.1 Prior to performing other calculations, the oxygen

analyzer time shift is incorporated by the following equation:

XO2
~t! 5 XO2

1 ~t1td! (3)

13.3.1.2 Then determine the heat-release rate by the follow-
ing equation:

Q̇~t! 5 S ∆hc

ro
D ~1.10! CŒ∆P

Te

~XO2

0 2 XO2
~t!!

1.105 2 1.5 XO2
~t!

(4)

13.3.1.3 Set the value of (∆hc/ro) for the test specimen equal
to 13.1 × 103 kJ/kg unless a more exact value is known for the
test material. Determine the heat-release rate per unit area as
follows:

q̇"~t! 5
q̇~t!
A s

(5)

where As is the initially exposed area, that is, 0.0088 m2 in
the vertical orientation and in the horizontal orientation if the
retainer frame is used, and 0.01 m2 in the horizontal orientation
if the retainer frame is not used.

13.3.1.4 Determine the total heat released during
combustion, q", by summation as follows:

q" 5 (
i

q̇" i~t! ∆t (6)

where the summation begins at the next reading after the last
negative rate of heat release reading occurred at the beginning
of the test, and continuing until the final reading recorded for
the test.

13.3.2 Mass-Loss Rate and Effective Heat of Combustion—
Compute the required mass-loss rate, − dm/dt, at each time
interval using five-point numerical differentiation. The equa-
tions to be used are as follows:

13.3.2.1 For the first scan (i = 0):

2F dm
dt G

i50

5
25m0 2 48m1136m2 2 16m313m4

12∆t
(7)

13.3.2.2 For the second scan (i = 1):

2F dm
dt G

i51

5
3m0110m1 2 18m216m3 2 m4

12∆t
(8)

13.3.2.3 For any scan for which 1 < i < n − 1 (where n
= total number of scans):

2F dm
dt G

i

5
2mi22 18mi21 2 8mi111mi12

12∆t
(9)

13.3.2.4 For the last scan but one (i = n − 1):

2F dm
dt G

i5n21

(10)

5
23mn 2 10mn21118mn22 2 6mn231mn24

12∆t

13.3.2.5 For the last scan (i = n ):

2F dm
dt G

i5n

(11)

5
225mn148mn21 2 36mn22116mn23 2 3mn24

12∆t

13.3.2.6 Determine the average effective heat of combustion
as follows:

∆hc,eff 5
(i q̇ i~t! ∆t

m i 2 m f

(12)

with the summation taken over the entire test length. A
time-varying value is also determined as follows:

∆hc,eff ~t! 5
q̇ i~t!

2~dm/dt!
(13)

13.3.3 Smoke Obscuration:
13.3.3.1 Determine the extinction coefficient, k, by the

smoke meter electronics as follows:

k 5 S 1
L D ln

Io

I
(14)

13.3.3.2 The average specific extinction area obtained dur-
ing the test is given as follows:

σ f~Avg!
5

(i V̇ i k i ∆t i

m i 2 m f

(15)

14. Report

14.1 Report the following information unless specified oth-
erwise in the relevant material or performance standard.
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Clearly state the units for all measurements in the report.
Certain units convenient for reporting are suggested in paren-
theses.

14.1.1 Specimen identification code or number.
14.1.2 Manufacturer or submitter.
14.1.3 Date of test.
14.1.4 Operator.
14.1.5 Composition or generic identification.
14.1.6 Specimen thickness.6

14.1.7 Specimen mass.6

14.1.8 Color of the specimens.
14.1.9 Details of specimen preparation by the testing labo-

ratory.
14.1.10 Test orientation, specimen mounting, and whether

the retainer frame, the wire grid, or other special mounting
procedures were used.

14.1.11 Heat flux and exhaust system flow rate.6

14.1.12 Number of replicate specimens tested under the
same conditions. (This shall be a minimum of three, except for
exploratory testing.)

14.1.13 Time to sustained flaming (seconds).6 If sustained
flaming was not observed, record that there was no ignition.

14.1.14 Heat-release rate (per unit area) curve with respect
to time (kW/m2 per second).6

14.1.15 Peak q̇", and average q̇" heat release rate values for
the first 60, 180, and 300 s after ignition, or for other
appropriate periods (kW/m2).6 For specimens that do not show
sustained flaming, report the above quantities tabulated for
periods beginning with the next reading after the last negative
rate of heat release reading at the beginning of the test.

NOTE 9—Average heat release rate values are to be calculated using the
trapezium rule for integration. For example, with a 5 s data collection
interval, q̇"180 is obtained as follows: (1) Sum up all rate of heat release
values at the second through thirty-sixth scan after ignition or the last
negative value (if the test is completed before the 180 s period is elapsed,
use the test average instead); (2) Add half of the rate of heat release
measured at the first scan and at the thirty-seventh scan after ignition or
after the last negative value; (3) Multiply the sum obtained in (2) by the
scan interval (5 s) and divide it by 180.

14.1.16 Total heat released by the specimen (MJ/m2) as
determined in 13.3.1.4.6

14.1.17 Average ∆hc,eff for entire test (MJ/kg).6

14.1.18 Curve of ∆hc,eff (MJ/kg) (optional).6

14.1.19 Mass at sustained flaming, ms, and mass remaining
after test mf (g).6

14.1.20 Sample mass loss (g/m2).6 The average specimen
mass loss rate (g/m2-s), computed over the period starting
when 10 % of the ultimate specimen mass loss occurred and
ending at the time when 90 % of the ultimate specimen mass
loss occurred.

14.1.21 Smoke obscuration. Report the average specific
extinction area (m2/kg).6

14.1.22 Values determined in 14.1.13, 14.1.15, 14.1.17, and
14.1.21, averaged for all specimens.

14.1.23 Additional observations (including times of transi-
tory flaming or flashing), if any.6

14.1.24 Difficulties encountered in testing, if any.6

14.1.25 Criterion used for end-of-test (see 11.2.8).

15. Precision and Bias7

15.1 Precision:
15.1.1 Interlaboratory trials were conducted by Committee

E05 to determine the repeatability and reproducibility of this
test method. The results were analyzed in conjunction with the
results of a parallel set of inter-laboratory trials sponsored by
the International Organization for Standardization (ISO). The
complete results have been placed on file at ASTM headquar-
ters as a Research Report. The results obtained for repeatability
and reproducibility are given below; further details of the
interlaboratory trials are given in Appendix X2.

15.1.2 The following definitions of repeatability (r) and
reproducibility (R) are used:

r 5 f=2 σ r (16)

R 5 f=2 σR (17)

where σr is the repeatability standard deviation, σR is the
reproducibility standard deviation, the coefficient =2 is de-
rived from the fact that r and R refer to the difference between
two single test results, and f, which is approximately 2,
corresponds to the probability level of 95 % being taken. This
product is then rounded off:

r 5 2.8 sr (18)

R 5 2.8 sR (19)

For calculations, the sample-based standard deviation
estimates, s, are substituted for the population standard
deviations, σ, since the latter are not known.

15.1.3 For the materials tested, values for repeatability r and
reproducibility R have been calculated for six variables. These
variables, chosen as being representative for the test results are:
tig, q̇"max, q̇"180, q"tot, ∆hc,eff, and σf. A linear regression model
was used to describe r and R as a function of the mean over all
replicates and over all laboratories for each of the six variables.
The regression equations are given below. The range of mean
values over which the fit was obtained is also indicated. The
results for time to sustained flaming, tig, in the range of 5 to 150
s were:

r 5 4.110.125 tig (20)

R 5 7.410.220 tig (21)

The results for peak heat release rate, q̇"max, in the range of
70 to 1120 kW/m2 were:

r 5 13.310.131 q̇"max (22)

R 5 60.410.141 q̇"max (23)

The results for 180-s average heat release rate, q̇" 180, in the
range of 70 to 870 kW/m2 were:

r 5 23.310.037 q̇" 180 (24)

R 5 25.510.151 q̇" 180 (25)

6 Report these items for each specimen.

7 Supporting data have been filed at ASTM International Headquarters and may
be obtained by requesting Research Report RR: RR:E05-1008.
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The results for total heat released, q̇" tot, in the range of 5 to
720 MJ/m2 were:

r 5 7.410.068 q"tot (26)

R 5 11.810.088 q"tot (27)

The results for effective heat of combustion, ∆ hc,eff, in the
range of 7 to 40 kJ/g were:

r 5 1.2310.050 ∆hc,eff (28)

R 5 2.4210.055 ∆hc,eff (29)

The results for average specific extinction area, σf, in the
range of 30 to 2200 m2/kg were:

r 5 5910.076 σ f (30)

R 5 6310.215 σ f (31)

15.2 Bias—For solid specimens of unknown chemical
composition, as used in building materials, furnishings, and
common occupant fuel load, it has been documented that

the use of the oxygen consumption standard value of ∆hc/ro

= 13.1 × 103 kJ/kg oxygen results in an expected error band of
6 5 % compared to true value (1). For homogeneous materials
with only a single pyrolysis mechanism, this uncertainty can be
reduced by determining ∆hc from oxygen bomb measurements
and ro from ultimate elemental analysis. For most testing, this
is not practical since it is possible that specimens will be
composite and nonhomogeneous, and will have the potential to
exhibit several degradation reactions. Therefore, for unknown
samples a 65 % accuracy limit is seen. For reference
materials, however, careful determination of ∆ hc/ro can make
this source of uncertainty substantially less.

16. Keywords

16.1 cone calorimeter; heat—heat release rate;
ignitability—radiant ignition; mass—mass loss rate; oxygen
consumption method—heat release rate; smoke

ANNEXES

(Mandatory Information)

A1. CALCULATION OF HEAT RELEASE WITH ADDITIONAL GAS ANALYSIS

A1.1 Introduction

A1.1.1 The equations to calculate heat release rate in
Section 12 assume CO2 is removed from the gas sample in a
chemical scrubber before oxygen is measured, as indicated in
Fig. 9. Some laboratories are equipped to measure CO2; in that
case it is not necessary to remove the CO2 from the oxygen
line. The advantage, in that case, is that it is possible to avoid
the chemical scrubbing agent, which is costly and requires
careful handling.

A1.1.2 In this annex equations are given that are to be used
when CO2 is measured but not scrubbed out of the sampling
lines. Two cases are considered. In the first case, part of the
dried and filtered sample stream is diverted into infrared CO2

and CO analyzers (see option in Fig. 9). In the second case, a
water-vapor analyzer is also added. To avoid condensation, the
measuring of water vapor concentration in the flow of com-
bustion products requires a separate sampling system with
heated filters, heated sampling lines, and a heated analyzer.

A1.2 Symbols

A1.2.1 The following symbols are used in this annex.

Ma = molecular weight of air (kg/kmol).
Me = molecular weight of the combustion products (kg/

kmol).
ṁe = exhaust duct mass flow rate (kg/s).
td

1 = delay time of the CO2 analyzer(s).
td

2 = delay time of the CO analyzer(s).
td

3 = delay time of the water vapor analyzer(s).
XCO2

0 = initialCO2
reading, mole fraction (−).

XCO
0 = initial CO reading, mole fraction (−).

XH2
O0 = initial water vapor reading, mole fraction (−).

XO2

a = ambient oxygen mole fraction (−).
XCO2

1 = CO2 reading before delay time correction, mole
fraction (−).

XCO
1 = CO reading before delay time correction, mole

fraction (−).
XH2

O1 = water vapor reading before delay time correction,
mole fraction (−).

XCO2
= CO2 reading after delay time correction, mole

fraction (−).
XCO = CO reading after delay time correction, mole frac-

tion (−).
XH2

O = water reading after delay time correction, mole
fraction (−).

φ = oxygen depletion factor (−).

A1.3 References

A1.3.1 Eq A1.5, Eq A1.6, and Eq A1.10 are derived in Ref
(3).

A1.4 Case Where CO2 and CO are Also Measured

A1.4.1 Just as for the oxygen analyzer, measurements of
CO2 and CO shall be time shifted to take transport time in the
sampling lines into account as follows:

XO2
~t! 5 XO2

1 ~t1td! (A1.1)

XCO2
~t! 5 XCO2

1 ~t1td
1! (A1.2)

XCO ~t! 5 XCO
1 ~t1td

1! (A1.3)

Here, the delay times td
1 and td

2 for the CO2 and CO
analyzers respectively are usually different (smaller) than the
delay time td for the oxygen (O2) analyzer.
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A1.4.1.1 The CO2 analyzer delay time needs to be deter-
mined. This is done by arranging for a methane flow rate
equivalent to 5 kW to the calibration burner. The heater shall
not be turned on for this calibration. The exhaust flow shall be
set to 0.024 6 0.002 m3/s for this calibration. Record the
output of the analyzer as the methane supply, turned on and
ignited, reaches a steady value for a period of 300 s, and then
returns to baseline after the supply is cut off. Record the
temperature for the exhaust-orifice meter at the same time.
Determine the turn-on delay as the time difference between the
time when the temperature reading increases by more than 8°C
and the time when the CO2 volume percentage reading
increases by more than 0.45 %. Determine the turn-off delay
similarly at turn-off. Take the delay time as the average of the
turn-on delay and turn-off delay. Use this value subsequently to
time-shift all the CO2 readings. The reference temperature and
CO2 value used for the turn-on and turn-off delay is the average
value over the 30-s period just before the burner ignites or is
turned off. The temperature reading during this 30-s period
shall not have a standard deviation of more than 2°C and CO2

reading shall not have a standard deviation of more than
0.01 % (100 ppm).

A1.4.2 The exhaust duct flow is as follows:

ṁe 5 C Œ∆P
Te

(A1.4)

A1.4.3 The rate of heat release shall in that case be
determined as follows:

q̇ 5 1.10S ∆hc

ro
D XO2

a F φ 2 0.172 ~1 2 φ! XCO/ XO2

~ 1 2 φ!11.105 φ G ṁe (A1.5)

A1.4.4 The oxygen depletion factor, φ, is calculated as
follows:

φ 5
XO2

0 ~1 2 XCO2
2 XCO! 2 XO2 ~1 2 XCO2

0!
XO2

0 ~1 2 X CO2
2 XCO 2 XO2!

(A1.6)

A1.4.5 The ambient mole fraction of oxygen (O2) is as
follows:

XO2
a 5 ~1 2 XH2O

0!XO2
0 (A1.7)

A1.4.6 The second term in the numerator of the factor in
brackets in Eq A1.5 is a correction for incomplete combustion
of some carbon to CO instead of CO2. In fact, XCO is usually
very small, shall be permitted to be neglected in Eq A1.5 and
Eq A1.6. The practical implication of this is that a CO analyzer
will generally not result in a noticeable increase in accuracy of

heat release rate measurements. Consequently Eq A1.5 and Eq
A1.6 shall be permitted to be used even if no CO analyzer is
present, by setting XCO ≡ 0.

A1.5 Case Where Water Vapor is Also Measured

A1.5.1 In an open combustion system, such as that used in
this test method, the flow rate of air entering the system cannot
be measured directly but is inferred from the flow rate
measured in the exhaust duct. An assumption is required
regarding the expansion due to combustion of the fraction of
the air that is fully depleted of its oxygen. This expansion
depends on the composition of the fuel and the actual stoichi-
ometry of the combustion. A suitable average value for the
volumetric expansion factor is 1.105, which is correct for
methane.

A1.5.2 This number is already incorporated within Eq 3 and
Eq A1.5 for q̇. For cone calorimeter tests it is reasonable to
assume that the exhaust gases consist primarily of nitrogen,
oxygen, CO2, water vapor, and CO; thus, measurements of
these gases shall be permitted to be used to determine the
actual expansion. (It is assumed that the measurements of
oxygen, CO2, and CO refer to a dry gas stream, while the water
vapor measurement is with respect to total stream flow.) The
mass flow rate in the exhaust duct is then more accurately
given by the following equation:

ṁe 5 =Me/Ma CŒ∆P
T e (A1.8)

A1.5.2.1 The molecular weight Me of the exhaust gases
follows from:

Me 5 @4.51~1 2 XH2O! ~2.51XO2
14X CO2!# 3 4 (A1.9)

A1.5.2.2 Then taking Ma as 28.97, the heat release rate is
given as follows:

q̇ 5 1.10S ∆hc

ro
D ~1 2 X H2O!Xo

O2 F φ 2 0.172~1 2 φ!S XCO

XO2

D G
(A1.10)

F 1 2 XO2
2 XCO2

2 XCO

1 2 XO2

o 2 XCO2

o G ṁe

A1.5.3 The water vapor readings used in Eq A1.10 are time
shifted in a similar way as in Eq A1.1-A1.3 for the other
analyzers as follows:

XH2O
0~t! 5 XH2O

1~t1td
3! (A1.11)
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A2. CHOICE OF APPROPRIATE DATA SCANNING PERIOD

A2.1 It is important to use scan times as short as possible
when testing materials that: (a) burn for short periods only or
(b) exhibit low heat release. This will result in more data being
available for analysis and averaging. A one second scan time
has been found to be satisfactory for most materials.

A3. DETERMINATION OF CRITICAL HEAT FLUX FOR FLAMING IGNITION USING A SPARK IGNITER

A3.1 Introduction—Whether ignition occurs is a function of
both the exposure time and the applied heat flux. This
procedure assesses whether or not ignition occurs within a
specific exposure time. The critical flux for ignition is a heat
flux below which ignition of a specimen is not expected to
occur within a chosen test period (see 3.2). The chosen test
period is a function of the application. In the absence of
additional information, the default exposure time is 20 min.

A3.2 The estimation of the critical heat flux for ignition is
conducted by using an iterative procedure with the test method,
as shown in the following steps.

NOTE A3.1—In summary, this procedure starts by attempting to cause
ignition of a specimen at a high initial test heat flux and follows that with
an iterative procedure to converge on a range, as narrow as possible, of
heat fluxes in which the critical heat flux for ignition lies. At every step,
if ignition occurs at a certain heat flux the next step is to try a lower initial
test heat flux. On the other hand, if ignition does not occur, the next step
is to try at a higher heat flux. The first iteration is done in steps of 10
kW/m2, until the range is found. This is then followed, optionally, by
iterations in steps fo 5 kW/m2 and then 2 kW/m2, as appropriate for the
material being assessed.

NOTE A3.2—It is important to point out that, in some cases, reversals
have been found to occur, namely that ignition is observed as a lower heat
flux is used for testing. This phenomenon is most likely to occur when
testing composite materials. In such cases, the critical flux for ignition
would need to be reported with a broader range.

A3.2.1 The exhaust fan and spark igniter shall be used for
all tests. Measurements of heat release, mass loss or smoke
obscuration (including extinction coefficients) are not neces-
sary. Thus, continuous data collection is also not necessary.

A3.2.2 Follow the test preparation procedure in 11.1 and set
the equipment to use a high initial test heat flux, typically at 50
kW/m2.

A3.2.3 Perform a heat flux calibration in accordance with
11.1.4, for the initial test heat flux, prior to conducting a
determination.

A3.2.4 Follow the test procedure in 11.2 for each determi-
nation.

A3.2.5 Record the time to ignition (to 61 s) as the time to
sustained flaming (see 11.2.7.1) during a 20 min exposure.

A3.2.5.1 Exposure periods different from 20 min are accept-
able for specific applications. The exposure period shall be
reported (see A3.2.15).

A3.2.6 If ignition occurs during the 20 min exposure period,
stop the determination after recording the time to ignition and
continue to test in accordance with A3.2.7. If ignition did not
occur during the 20 min exposure period, stop the determina-
tion after 20 min and continue to test in accordance with
A3.2.8.

A3.2.7 Conduct the next determination at an initial test heat
flux that is 10 kW/m2 lower than the initial test heat flux that
caused ignition to occur. Repeat the steps in A3.2.3 through
A3.2.6.

A3.2.8 Conduct the next determination at an initial test heat
flux that is 10 kW/m2 higher than the initial test heat flux that
did not cause ignition to occur. Repeat the steps in A3.2.3
through A3.2.6.

A3.2.9 If a specimen ignites at an initial test heat flux, but
does not ignite at an initial test heat flux that is 10 kW/m2

lower, the critical heat flux for ignition has been bracketed
within 10 kW/m2. When that has occurred, repeat the steps in
A3.2.3 through A3.2.6, but at increments of 5 kW/m2. If the
sequence of steps leads to a determination that has already been
made, the critical flux for ignition with that interval has been
found.

A3.2.10 If a specimen ignites at an initial test heat flux, but
does not ignite at an initial test heat flux that is 5 kW/m2 lower,
the critical heat flux for ignition has been bracketed within 5
kW/m2. When that has occurred, repeat the steps in A3.2.3
through A3.2.6, but at increments of 2 kW/m2.

A3.2.11 This procedure will bracket the critical heat flux to
within 2 kW/m2.

A3.2.12 Not all specimens ignite in a manner that will allow
the determination of the critical flux for ignition within a 2
kW/m2 range. For some materials it will be necessary to report
the results within a broader range, consistent with the intended
use of the test result and of the material or product being tested.
It is also acceptable to use alternate bracketing intervals, such
as, 3, 7, or 12 kW/m2, to minimize the critical heat flux range
to be reported.

A3.2.13 Report the critical flux for ignition, the exposure
time period used and the bracketed range.

A3.2.14 It is possible to continue this iterative procedure to
obtain a critical heat flux for ignition that is bracketed to within
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1 kW/m2, but this is likely to lead to results that are not useful
as they fall within the precision of the test method itself.

A3.2.15 Report the value of the critical heat flux for ignition
as the mid-point of the range determined using the previous
procedure and the range used, together with the time period
used for the exposures and the bracketed range of heat fluxes.

NOTE A3.3—An example report would state that the critical heat flux
for ignition is 31 kW/m2 and is within the 30-32 kW/m2 range for an
exposure time of xx minutes.

APPENDIXES

(Nonmandatory Information)

X1. COMMENTARY

X1.1 Introduction

X1.1.1 This commentary is provided (1) to give some
insight into the development of the test method, (2) to describe
the rationale for the design of various features of the apparatus,
and (3) to describe the use of the data.

X1.2 Rate of Heat Release Rate Measurements

X1.2.1 The rate of heat release is one of the most important
variables, in many cases the single most important variable, in
determining the hazard from a fire (4). This rate of heat release
is the total rate, as a function of time. With many items
composed of many surfaces contributing to the fire, its evalu-
ation is quite complex. For each separate surface it must first be
determined when, if at all, it will become ignited. The size of
the fire from any already burning items must be known, since
that constitutes the external irradiance to nearby items. Next,
the flame spread over the surface in question must be evalu-
ated. The rate of heat release from the whole surface can be
evaluated knowing the rate of heat release per unit area for a
given irradiance, as a function of time. This last quantity is the
only one that can be measured in a bench-scale test. The total
fire output involves a summation over all surfaces. Also to be
considered is the fact that some elements may burn out and
then no longer contribute to the fire. This procedure is
conceptually straightforward but can be very cumbersome to
compute.

X1.2.2 Many common combustibles do not have the geo-
metrically simple surfaces required to make computations of
this kind. Other complications, such as melting, dripping, or
collapsing, can also preclude a detailed mathematical analysis.
In such cases a simpler, more empirical model is appropriate.
An example of the use of bench-scale heat release rate
measurements in deriving a fire hazard assessment is available
(5).

X1.2.3 This test method does not prescribe the irradiance
levels, nor whether external ignition is to be used. These must
be determined separately for each product class. For a given
class of applications and products, a comparison with some
full-scale fires is generally necessary to determine the time
period over which the heat release rate is to be calculated. A
material or performance standard can then be developed for
that product category that may contain further guidance and
limitations for testing. For exploratory testing, it is initially

recommended to use the horizontal orientation and an irradi-
ance value of 35 kW/m2; in the absence of further specifica-
tions from the sponsor, tests at 25, 35, and 50 kW/m2 are
recommended.

X1.2.3.1 The standard specimen orientation for testing is
horizontal. This is applicable even to specimens, such as wall
linings, where the end-use orientation of the product is vertical.
The reason is that this test method does not represent a scale
model of the full-scale product. Instead, the fundamental
response of a specimen to specified external initial test heat
flux (irradiance) is tested. The total heat flux to the specimen is
the sum of the external irradiance plus the heat flux from the
specimen’s own flame. The heat flux from the specimen’s
flames will be different in the two orientations. What must be
borne in mind is that there is no fixed relationship between the
heat flux associated with the flame for the bench-scale speci-
men and the one for the full-scale product. Instead, the
relationship varies in accordance with product application, as
explained in X1.2.3. The relationship between the bench-scale
heat release rate and the one in full-scale must establish a test
irradiance value that correctly accounts for the fact that the
full-scale product is exposed to a different heat flux associated
with the flame than the bench-scale specimen.

X1.2.3.2 The standard testing orientation is horizontal
since, for most types of specimens, there are significantly fewer
experimental problems due to specimen melting, dripping, or
falling out. Reproducibility of ignition data is also better in this
orientation, due to a wider column of pyrolysates present at the
location of the spark gap. The vertical orientation is made
available because in certain diagnostic studies it is more
feasible to install optical pyrometers, specimen thermocouples,
and other specialized instrumentation in that orientation.

X1.2.3.3 The test results may not be statistically significant
unless the irradiance used is substantially (5 to 10 kW/m2)
higher than the minimum irradiance level needed for sustained
flaming to occur for that specimen.

X1.3 Choice of Operating Principle

X1.3.1 A number of apparatus have been developed over the
years for measuring rate of heat release; most of these have
been reviewed in detail (6). Traditionally, the simplest mea-
surement scheme is a direct measurement of flow enthalpy
from a chamber thermally lagged to present an adiabatic
environment. A truly adiabatic apparatus, with the use of guard
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heaters, would be possible but would also be prohibitively
expensive and has not been implemented. A combustion
chamber insulated in a simpler manner leads to a significant
under measurement of the heat release, so only an empirical
calibration is possible. An example of an insulated chamber
method is Test Method E906. Furthermore, that calibration
may be sensitive to the radiant fraction (or sootiness) of the
combustible (7, 8). A more advanced scheme is an isothermal
instrument, rather than an adiabatic one, with the heat-release
rate taken to be the fuel which must be supplied by a
substitution burner to maintain isothermal conditions (9). This
scheme gives better results, since only second-order heat loss
error terms remain; however, its practical implementation is
complex and costly.

X1.3.2 It can be concluded that it is difficult to measure heat
directly without losing some of it. However, it is simple to
capture all combustion products without losing any and to
measure the oxygen levels in that stream. Heat release can be
computed from such measurements with the availability of the
oxygen-consumption principle (1). This principle states that for
most common combustibles an amount of heat equal to
13.1 × 103 kJ is released for each kilogram of oxygen con-
sumed from the air stream. This constant varies 65 % for most
common combustibles; certain exceptions are given in Ref (1).
The method remains useful even if a significant fraction of the
products become CO or soot, rather than CO2; in these cases,
correction terms are known (1, 3) and can be applied. A typical
case of less than 2 % error has been determined to result for
cellulose producing 10 % incomplete combustion going to CO
(1). Note that excessively high CO-production values, which
could result from restricted oxygen supply, cannot result in the
calorimeter used in this test method since oxygen intake is not
restricted. By adopting the oxygen consumption principle as
the method of measurement, it becomes possible to design an
apparatus of significantly improved precision but without
excessive complexity. Since heat measurements are not
required, the apparatus does not need thermal insulation.

X1.4 Heater Design

X1.4.1 Experience with various rate-of-heat-release mea-
surement techniques suggests that for minimal errors in
irradiance, the specimen should see only (1) a thermostatically
controlled heater, (2) a water-cooled plate, or (3) open air.
Nearby solid surfaces, if they are not temperature-controlled,
can rise in temperature due to specimen flame heating and then
act as further sources of radiation back to the specimen.
Further, when oxygen consumption is used as the measurement
principle, a gas-fired heater is not desirable because it can
contribute a noisy baseline to the oxygen readings, even though
it can be subtracted out in steady state.

X1.4.2 A heater in the shape of a truncated cone was first
explored for use in an ignitability apparatus by the Interna-
tional Organization for Standardization (ISO) (see ISO 5657-
1986). The heater adopted in the present method is similar, but
not identical to the ISO one. The main differences include
higher heat fluxes, temperature control, and more rugged
design details. In the horizontal orientation, the conical shape
approximately follows the fire plume contours while the central

hole allows the stream to emerge without impacting on the
heater. A thin layer of cool air is pulled along, and the flames
do not attach to the sides of the cone. The central hole has a
further function: in its absence the middle of the specimen
would receive a higher irradiance than the edges. With the hole,
the irradiance is uniform to within 62 %. In the vertical
orientation, the hole still serves the purpose of providing
radiation uniformity; although because of the presence of a
natural convection boundary layer, the deviations are higher
(from 65 to 610 %) (10).

X1.5 Pilot Ignition

X1.5.1 Ignition of test specimens in many apparatus is
achieved by a gas pilot. This tends to have numerous
difficulties—sooting, deterioration of orifices, and contribution
to the heat release rate. It is difficult to design a pilot that can
be centrally located over the specimen, is resistant to blowout,
and yet does not apply an additional heat flux to the specimen.
(A point of elevated heating on the specimen makes it difficult
to analyze mathematically the response of the specimen.) An
electric spark is free of most of these difficulties, requiring only
an occasional cleaning and adjustment of the electrodes. For
these reasons, an electric spark ignition was adopted.

X1.6 Back Face Conditions

X1.6.1 The heat losses through the specimen back face can
have an influence on the burning rate near the end of its
burning time. For reproducible measurements, the losses
through the back face should be standardized. The simplest
theoretical boundary conditions—an adiabatic boundary or an
isothermal one at ambient temperature—are not achievable.
However, a reasonable approximation to the former can be
made by using a layer of an insulating material. This is easier
to do for the horizontal orientation case, in which case a very
low density refractory blanket is used. In the vertical orienta-
tion some structural rigidity of the backing is desired;
consequently, a layer of higher density backing may be
necessary.

X1.7 Oxygen Analyzer

X1.7.1 The analyzer should be of the paramagnetic type,
with baseline noise and short-term drift of approximately 650
ppm oxygen. Other types of analyzers (electrochemical and
catalytic) generally cannot meet this requirement. Paramag-
netic analyzers also exhibit an intrinsically linear response. The
linearity is normally better than can be determined with
60.1 % oxygen gas mixtures. Since an oxygen analyzer is
sensitive to stream pressures, either the readings have to be
compensated with an absolute pressure transducer, connected
to the analyzer, or the pressure has to be mechanically
regulated both against flow fluctuations and atmospheric pres-
sure variations. The analyzer and the pressure regulating or
measuring devices must be located in a constant temperature
environment to avoid flow errors.

X1.8 Limits to Resolution

X1.8.1 Methane calibration studies (10) showed typical
fluctuations of 61.5 %, with a linearity to within 5 % over the
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range of 1 to 12 kW, and within 2 % over the range of 5 to 12
kW. Calibrations with other gases show similar results. Cali-
bration gases can be delivered to the burner in a highly steady
manner. The uniformity of solid-fuels combustion, however, is
governed by the pyrolysis at the surface, which can under some
circumstances show substantial fluctuations. For instance, the
fluctuations for polymethylmethacrylate are greater than for
red oak (10). Burning thermoplastic specimens occasionally
eject individual molten streamers. With solid materials then,
the limits to resolution can be expected to be set by the
specimen pyrolysis process, rather than by instrument limits.

X1.8.2 The limits to the speed of response of any heat
release rate technique are set by the slowest responding
element. In the case of the present method, this is the oxygen
analyzer, which typically shows a 10 to 90 % response time of
6.9 s. Response times of the pressure transducer and thermo-
couple can be much faster. They should be set to be only
somewhat faster, however, to avoid introducing instrument
noise without increasing resolution.

X1.9 Effective Heat of Combustion

X1.9.1 The effective heat of combustion is a constant during
combustion of homogeneous specimens having only a single
mode of degradation and is less than the value of the theoretical
net heat of combustion. Examples of a material with a single
mode of degradation and, therefore, a constant effective heat of
combustion include most organic liquids. Cellulosic products,
by contrast, typically show more than one mode of degradation
and a varying effective heat of combustion. For materials
having more than one mode of degradation, or for composites
or nonhomogeneous materials, the effective heat of combustion
is not necessarily constant.

X1.10 Smoke Obscuration Measurements

X1.10.1 The smoke measurement system is different from
that used in Test Method E662 for the following reasons:

X1.10.1.1 Simultaneous mass measurements are available,
X1.10.1.2 Irradiances up to 100 kW/m2 are available,
X1.10.1.3 The combustion takes place in a flow stream, not

in a closed box, and
X1.10.1.4 A monochromatic light source is used.

X1.10.2 Accurate measurement of smoke obscuration
requires, among other considerations, the following:

X1.10.2.1 A highly collimated light source, insensitive to
stray light,

X1.10.2.2 Measurement in a well mixed unstratified stream,
X1.10.2.3 A high degree of stability against drift due to

voltage fluctuations, source aging, thermal effects, etc., and

X1.10.2.4 The ability to make extended measurements
without error due to progressive coating of optics by soot.

X1.10.3 In addition, it is desirable to select a monochro-
matic source (11), preferably in the red portion of the spectrum,
for ease of interpreting the data in accordance with the
theoretical models. For convenience, it is also desirable to
provide direct electric output in logarithmic units to avoid the
need for manual range switching or resulting inaccuracies at
the high end of the scale. An instrument has been designed that
is intended to meet all these requirements (Fig. 11) (12).
Additional construction details are given in construction draw-
ings.8 The theory for data analysis is from Refs (13) and (14).

X1.11 Specimen Mounting Methods

X1.11.1 This test method is a general method suitable for
testing different types of products and materials. In the simplest
case, the product or material is cut out to the correct size,
wrapped in aluminum foil, and placed in the horizontal or
vertical specimen holder. In many cases, however, the
specimen, when heated, may warp, intumesce, delaminate, or
burn in an unrepresentative manner along its side edges. Two
common procedures for handling such specimens are described
in this test method: an edge frame (pertinent only to horizontal
orientation testing) and a wire grid (either orientation). These
are not the only specimen mounting methods available to the
testing laboratory. Reference (2) suggests some additional
procedures. For more unusual specimen types, the testing
laboratory will have to devise appropriate mounting methods.
Since different mounting methods may give different test
results, the method used must be documented in the test report,
as mandated in 14.1.10. Since test results are inevitably
affected by such mounting devices, they should not be used
unless prior testing indicates they are necessary to alleviate
anomalous burning conditions.

X1.11.2 For building products, the use of the retainer frame
is recommended for testing in the horizontal orientation. For
other product classes, the usage shall be in accordance with the
governing application standard.

X1.12 The temperature measured by the thermocouple
shown in Fig. 2 is not intended to represent a precise
measurement of the effective radiation temperature, since the
temperature reading is used only to maintain the heat flux on
the test specimen at its pre-calibrated value.

8 Construction drawings for the Cone Calorimeter are available from the
Building and Fire Research Laboratory, National Institute of Standards and
Technology, Gaithersburg, MD 20899.
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X2. INTERLABORATORY TRIALS

X2.1 Scope of Studies

X2.1.1 For the ASTM interlaboratory trials, six laboratories
tested the following materials: 6 mm fire retardant treated ABS
(ρ = 325 kg/m3); 12 mm particleboard (ρ = 640 kg/m3); 6 mm
black PMMA (ρ = 1180 kg ⁄m3); 6 mm polyethylene (ρ = 800
kg ⁄m3); 6 mm PVC (ρ = 1340 kg/m3); and 25 mm rigid
polyisocyanurate foam (ρ = 280 kg ⁄m3). For most of these
materials, three replicates each were tested in two orientations
(horizontal and vertical) and at two irradiance levels (25 and 50
kW/m2).

X2.1.2 Data from the ASTM trials were supplemented by
data developed during an analogous set of trials conducted by
ISO, using functionally the same protocol. The materials tested
in the ISO trials were: 25 mm black PMMA (ρ = 1180 kg/m3)
[same material as tested by ASTM, but in a different thick-
ness]; 30 mm rigid polyurethane foam (ρ = 33 kg/m3); 12 mm
particleboard (ρ = 640 kg/m3) [same material as tested by
ASTM]; 3 mm hardboard (ρ = 1010 kg ⁄m3); 10 mm gypsum
board (ρ = 1110 kg ⁄m3); and 10 mm fire retardant treated
particleboard (ρ = 750 kg/m3). For most of these materials,
three replicates each were tested in two orientations (horizontal
and vertical) and at two irradiance levels (25 and 50 kW/m2) by
six to eight laboratories.

X2.2 Method of Analysis

X2.2.1 Basic guidance was received from Practices E177
and E691. However, these practices refer to various possibili-
ties of reporting repeatability and reproducibility at 1.0, 2.0,
2.83, or 3.0 times the pertinent standard deviations. The
standard deviation may be computed with respect to the
average value or with respect to two sets of results.
Furthermore, they leave the treatment of outliers largely to the
discretion of the analyst. This presents certain difficulties in
comparing results to other studies. It was, specifically, desired
to treat the ASTM and ISO trials in a similar manner. The
solution was found in adopting the prescriptions contained in
ISO 5725-2. The ISO standard, which can be viewed as a
stricter subset of the ASTM instructions, prescribes a single
fixed procedure. It mandates that repeatability and reproduc-
ibility be reported to 2.8 standard deviations, and also provides
fixed instructions on how to handle the issue of outliers.

X2.2.2 The ASTM and ISO results were first analyzed
separately in accordance with the equations given in ISO
5725-2. The results for both series were found to be expressible
as a linear error model, defined by Eq II in Par. 15.2 of ISO

5725-2. Furthermore, in all the cases where valid data were
available from both series, the relationships for r and R showed
very similar behavior. This allowed best estimate relationships
for r and R to be derived from the combined data set (in cases
where valid data were obtained in both series). The equations
given in 14.1.3 constitute these best estimate values.

X2.3 Example of Using r and R Relationships

X2.3.1 The meaning of the equations for r and R given in
14.1.3 is best illustrated by means of an example. Suppose a
laboratory tests a single sample of a certain material and
determines that the time to ignition (sustained flaming) is 100
s. If the same laboratory now conducts a second test on the
same material, the value of r is evaluated as:

r 5 4.110.125 3 100 5 17 s

Then 100 − r = 83 and 100 + r = 117; thus, the probability
is 95 % that the result of the second test will fall between 83
and 117 s.

Suppose now that the same material is tested by a different
laboratory. The value of R is evaluated as:

R 5 7.410.220 3 100 5 29 s

Then 100 − R = 71 and 100 + R = 129; thus, the probability
is 95 % that the results from the test at that laboratory will fall
between 71 and 129 s.

X2.4 Comparison to Results for Other Fire Tests

X2.4.1 A number of interlaboratory trials have been con-
ducted on various fire tests. For most of them, the data would
be difficult to compare, since the methods of analysis were not
the same in each case. Since the present trials were analyzed in
accordance with the specific prescription mandated by ISO
5725-2, however, it is possible to find an example that is
directly comparable. This is the ISO radiant ignition test, ISO
5657. This test is especially interesting to compare since it uses
a conical heater somewhat similar to the one used on the
present test method. Since that test is only a test for ignitability,
only one variable is examined, the tig. The results of the ISO
5657 trials, analyzed in the same manner, were:

r 5 2.910.241 tig (X2.1)

R 5 2.210.458 tig (X2.2)

Comparison with Eq 20 and Eq 21 shows that, over most of
the range, both the repeatability and reproducibility for the
present test method are substantially better (smaller) than for
the ISO 5657 test.
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X3. ASSESSMENT OF BUILDING MATERIALS FROM TEST METHOD E1354 DATA

INTRODUCTION

These models may be helpful in predicting fire behavior in larger scale test methods beyond the
prescriptive output of cone data. Users may wish to gain data on a materials performance in a new
jurisdiction while not having initial access to that jurisdiction’s test method.

These models are not meant to replace intermediate- or large-scale testing. They can be used as
screener/predictor for multiple sample sets or when the amount of test material is at a minimum before
moving to larger-scale testing.

Each of these models has limitations in the type(s) of combustible being modeled, the physics
contained in the model, the specific burning property of interest, and the extent of experimental
validation that has been documented.

This information is provided as guidance to the user who is responsible for selecting the appropriate
predictive model. The use of an inappropriate model has the potential to generate results that are
misleading for the chosen application.

This appendix makes no claims on the accuracies of these models. It serves merely to provide the
end user of their existence and encourages the user to consult the full reference in the appendix for
more details. The accuracy of the model may be dependent on the material being evaluated and shall
be established by the user.

X3.1 Heat release rate (HRR) can be used to quantify fire
properties of building materials. It is, however, important to
recognize that the quantity of heat released by typical building
contents, such as furnishings, far exceeds that of building
materials. Fire properties of building materials are, however,
regulated to prevent an accidental fire situation from getting
worse.

X3.1.1 Analyzing the role of HRR in building fires is
complicated. In the vast majority of cases, the fire will go into
ventilation-limited burning shortly after flashover and stay in
that mode until fuel supply is substantially depleted. Introduc-
ing some additional fuel from the building construction will not
change this HRR but will either prolong the fire or else cause
more unburned pyrolysates to be ejected. This consideration
means that a simple additive summation of HRR from occu-
pant goods and construction materials would not be correct.
Instead, it becomes necessary to consider what the actual
hazard is and how it may potentially be made worse. This
reveals that there are two fire hazard issues to assess whether:

X3.1.1.1 Heat release from the construction materials may
make the fire growth faster (worse) in the early stages of the
fire before ventilation-limited burning is attained, and

X3.1.1.2 A potentially longer-burning fire will adversely
affect safety.

X3.1.2 The question of a longer-burning fire is normally
irrelevant. Building codes typically require structural fire
resistance times greater than what is required to withstand
burnout of the building contents, including any contribution of
the structure itself.

X3.1.3 Testing building materials in accordance with ISO
9705, the large-scale room corner test yields data to classify

material according to their expected fire performance.
However, ISO 9705 is a labor- and material-intensive test. As
such, ISO 9705 is not considered for routine regulatory
compliance testing. A bench-scale testing method, such as Test
Method E1354, is more appropriate for routine testing.

X3.1.4 The most extensive use of bench-scale total heat-
released (THR) criteria has been for regulating interior linings
or finishes. Toward this end, several models using input data
from the cone calorimeter have been developed that may be
useful to provide an indication of performance of a potential
lining material in the ISO 9705 full-scale room fire test.

X3.1.5 Establishing the reliability of these models is the
responsibility of the user and may vary depending on the type
of product or material being evaluated. The information is
presented only as a guide to users of the cone calorimeter.

X3.2 Use of Cone Calorimeter Data for Predicting Large-
Scale Fire Peformance:

X3.2.1 A simple-to-use mathematical formula is proposed
to facilitate material assessment from Test Method E1354 test
data. The method was proposed by Cleary and Quintiere (15)
and subsequently enhanced by Babrauskas and Janssens (16).
The reader is referred to these two peer-reviewed publications
for detailed information.

X3.2.2 This method of assessment introduces a parameter,
b, that is used to predict full-scale room corner test perfor-
mance from Test Method E1354 data. This mathematical
model minimizes the influence of measurement uncertainties
associated with total heat-released (THR) levels less than 15
MJ/m2 in Test Method E1354.
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b 5 0,01q̇avg
' ' 2 1 2

t ig

tb

(X3.1)

where:
q̇avg

' ' = average heat released (kW/m2) at an irradiance of 50
kW/m2,

tig = ignition time, s, and
tb = duration of flaming, s.

X3.2.3 If b ≤ –0.4, then a corresponding test of ISO 9705
would not flashover at the 300-kW burner output.

X3.2.4 If b ≤ 0, fire hazard from the material is not
significant.

X3.2.5 For the purposes of assessment of materials, the b
parameter, computed from Test Method E1354 data, provides a
better predictor of ISO 9705 performance than establishing a
threshold for THR from the same Test Method E1354 data (see
Table X3.1).

X3.3 Use of Cone Calorimeter Data for Predicting ISO
9705 Performance:

X3.3.1 Kokkala, Thomas, and Karlsson (17) have intro-
duced rate of heat release and ignitability indices for predicting
the performance of surface linings on the ISO 9705 room
corner test on the basis of cone calorimeter test results. This
model calculates time to ignition, ignitability index, and rate of
heat release. Input data is time versus rate of heat release
(RHR) and time to ignition.

X3.3.2 Wickström and Göransson (18) have developed a
simple model for predicting the HRR in the ISO 9705 room
corner fire test using input data from the cone calorimeter. In
this model, the fire growth area is expressed as t and t2 growth
curves controlled by the inverse of the ignition time. The heat
release of the lining material is obtained by summing the
contributions of the ignited items at various times. The
criterion for flame spread away from the vicinity of the burner
is based on an assumed surface temperature.

X3.4 Use of Cone Calorimeter Data for Predicting Euro
Class Performance:

X3.4.1 The first approach to modelling the single burning
item (SBI) test (EN 13823) was presented by Messerschmidt,
van Hees, and Wickstrom (19). Other models have subse-
quently been developed. The objective of these models is to
predict the HRR of a specimen in the SBI test from which the
fire growth rate index (FIGRA) can be calculated. FIGRA is
the main classification parameter from which the Euro class is
determined.

X3.4.2 The essential feature of the model is that only the
heat release data of a single-cone calorimeter test at the
exposure of 50 kW/m2 is required as input data into the model.

X3.5 Application to Plastics:

X3.5.1 Hirschler has also presented extensive data on a
wide range of plastic materials (20). In this case, a simple
calculation of the propensity for flashover (in full-scale testing)
is calculated from:

Flashover Propensity 5 log TTI ⁄ RHR ~sm2 ⁄ kW!

(X3.2)

where:
TTI = time to ignition, and
RHR = average rate of heat release.

X3.5.2 In a study of some 35 materials, they can be grouped
into 5 categories:

1.0 < flashover propensity,
0.0 < flashover propensity < 1.0,
–1.0 < flashover propensity < 0.0,
–2.0 < flashover propensity < –1.0, and
Flashover propensity < –2.0.

X3.6 Predictive Method for Materials:

X3.6.1 Östman and Nussbaum (21) have developed an
empirical relationship between the basic parameters from Test
Method E1354 and ISO 9705. HRRs and time to ignition in a
cone calorimeter in accordance with Test Method E1354 were
determined for eleven different surface linings at constant heat
flux levels of 25, 50, and 75 kW/m2. The time to flashover was
estimated using the full-scale room fire test for surface prod-
ucts specified by ISO 9705. Östman and Nussbaum found that
a combination of heat release and time to ignition along with
the density of the material provided an acceptable correlation
with the time to flashover. The relationship was described by:

T 5 a 3
t ·=ρ

A
1b (X3.3)

where:
T = time to flashover in full scale at 25 kW/m2, s,
t = time to ignition in small-scale at 25 kW/m2, s,
A = heat release during peak period at 50 kW/2, J·m2,
ρ = density, kg/m3,
a = empirical constant, 2.76 × 106 J, (kg·m)–0.5, and
b = empirical constant, –46.0 s.

X3.6.2 As an extension of this work, Östman and Tsan-
taridis (22) developed a linear regression equation for predict-
ing the time to flashover in ISO 9705 based on Test Method
E1354 data. The Test Method E1354 data at an irradiance of 50
kW/m2 were used to predict ISO 9705 behavior. The regression
equation derived was:

t fo 5 0.07
t ig

0.25ρ1.7

THR300
1.3 160 (X3.4)

where:
tfo = time to flashover in the room fire test, s,
tig = time to ignition in the cone calorimeter at 50

kW/m2, s,

TABLE X3.1 Material Assessment Based on b Parameter for
Evaluation

Levels b Parameter,
min

Corresponding Full-
Scale Fire Test

Behavior

Level 1 b # –0.4 No flashover
Level 2 –0.4 # b # 0 Limited fire hazard
Level 3 b > 0 Flashover
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THR300 = total heat release 300 s after ignition at 50 kW/m2

(J/m2), and
ρ = mean density, kg/m3.

X3.6.3 The correlation coefficient was 0.97 valid for the
room scenario studied.

X3.7 Combustion Behavior of Upholstered Furniture:

X3.7.1 Babrauskas and Krasny developed a method to
predict furniture calorimeter performance from Test Method
E1354 data (23-25). The peak HRR value from Test Method
E1354 was used as input. The relationship was given by:

q̇ fs 5 0.63~ q̇bs
' ' !~MF!~FF!~SF! (X3.5)

where:
q̇ fs = predicted peak rate of heat release, kW, in full scale,
~ q̇bs

' ' ! = measured rate of heat release, kW/m2 in ISO 5660-1
under specified conditions,

MF = combustible mass, kg,
FF = 1.66 for non-combustible, 0.58 for melting plastic,

0.30 for wood, and 0.18 for charring plastic, and
SF = 1.0 for plain, primarily rectilinear construction and 1.5

for ornate, convolute shapes and intermediate values
for intermediate shapes.

X3.7.2 Sundström observed that the conditions occurring in
ISO 9705 room test facility as a result of the burning of a piece
of furniture were predicted from the results of large-scale
testing in the furniture calorimeter (NT FIRE 032) (26, 27). A
zone model (CFAST) and a field model (JASMINE) were used
for fire modelling the room scenario. This analysis showed that
no actual room tests were required and that only the time
history of the HRR for the upholstered furniture need be
characterized. Furniture calorimeter results were, therefore,
predicted from Test Method E1354 data. The relationships
derived were based on furniture fire models. To predict the
full-scale furniture burning behavior from Test Method E1354
data, three predictive models were developed.

X3.7.3 Model I, Correlation Model—When determining the
propagating/non-propagating behavior of the furniture, CBUF
found that, using the average value taken over 180 s after
specimen ignition (with an irradiance of 35 kW/m2), the Test
Method E1354 data could be used to predict whether a
furniture fire would be propagating or not. The model derived
depended upon the arrangement and type of furniture used
being factored in Refs (26) and (27).

X3.7.4 Model II, Convolution Model:
X3.7.4.1 Sundström described Model II as predicting the

full heat release curve from a full-scale furniture item from
Test Method E1354 data (27). Babrauskas, Myllymäki, and
Baroudi found that the HRR Q(t) measured in the furniture
calorimeter can be predicted as the convolution integral of the
burning area rate Ȧ and the HRR q̇ ' '~rW ; t! from the burning
area.

Q̇~t! 5 *
0

t
q̇ ' '~rW ; t 2 τ!Ȧ~τ!dτ ,θ 5 t ⁄tmax (X3.6)

X3.7.4.2 The HRR from the burning area was dependent of
the irradiance history of the elementary area dA~rW! of the
surface, which is caused by the radiative heat transfer between

the surface and flame. The values, q̇ ' '~rW ; t! and Ȧ, are not
known exactly so the HRR from the burning area was taken to
be the same as in Test Method E1354 tests with an irradiance
of 35 kW ⁄m–2 and specimen thickness of 50 mm. The basis for
this formula can be applied directly to surface spread of flame
as indicated later in this appendix.

X3.7.5 Model III, Thermal Fire Spread Model for Mat-
tresses:

X3.7.5.1 Babrauskas, Myllymäki, and Baroudi describe
Model III as based on the physical processes of ignition,
flame-spread, and so forth to predict fire growth in mattresses
(26, 28). The burning area was assumed to be circular with the
fire spreading radically outwards with a cylindrical flame to
enable the calculation of the preheating of the surface to its
ignition temperature.

X3.7.5.2 To calculate the propagation of the fire along the
surface, the heat flux to the surface at every position as a
function of time was needed. This value decreased with
increasing radial distance and depended on the size and shape
of the flame. However, for calculations, Babrauskas,
Myllymäki, and Baroudi estimated the flux as a constant
between the position of the flame front, rp, and a radial
distance, rf, which they called the exposure range, a method-
ology resembling that used in thermal models for upward flame
spread. The exposure range depended on the HRR Q̇ and size
and shape of the cylindrical flame. They assumed that the
exposure range was the point at which the heat flux to the
surface was the same and independent of the size and shape of
the flame. By changing the HRR per unit area between 50 and
500 kW/m2 and flame radius between 0.2 and 1 m, they
obtained the exposure ranges of interest to burning upholstered
furniture.

X3.7.5.3 The HRR from the burning area was obtained by
integration assuming that for each point the HRR per unit area
was found from the cone calorimeter tests. For simplification,
the heat flux to the surface was taken to be as in Test Method
E1354 tests at 35 kW/m2. The time after the flame front
reaching a point was taken to equal the time after ignition with
the HRR from the mattress equal to that value with an
adjustment made to allow for the actual thickness of the
mattress.

X3.7.5.4 The following convolution integral represents the
integration over the surface:

Qf~t! 5 Ap0q̇ ' '~t!1*
0

t
q̇ ' '~t 2 τ!

dAp~τ!
dτ dτ (X3.7)

where:
Ap0 = initial burning area,
Ap = burning area at time, t, and
τ = dummy variable.

X3.8 Modelling Fire Growth on Combustible Lining Mate-
rials in Enclosures:

X3.8.1 Wickström and Göransson (29) used ignition time
and the entire HRR curve from Test Method 1354 data to
predict ISO 9705 HRRs for combustible linings.

X3.8.2 Wickström and Göransson noted that, in the ISO
9705 exposure scenario, various parts of a lining material start
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pyrolyzing and burning at various times and continued to
contribute to the fire until exhausted as a fuel or extinguished.
Wickström and Göransson assumed that the HRR from each
burning point in ISO 9705 specimen surface went through the
same time history as that of Test Method E1354 at an arbitrary
chosen irradiance level of 25 kW/m–2. By summing the
contributions from each part of the total burning area, the THR
for a test room was obtained.

X3.8.3 In incremental form, Q̇, at the Nth time increment,
could be obtained as:

Q̇N 5 (
i51

N

∆Aiq̇bs
' ' N2i (X3.8)

where:
∆A i = incremental burning area growth at the time

increment, i, and
q̇bs

N2i = heat release per unit area after (N–1) time increments
of the same length recorded in a bench scale calorim-
eter test.

X3.8.4 For infinitesimally small time increments, this equa-
tion yielded the Duhamel’s integral:

Q̇~t! 5 *
0

t
Ȧ~τ! q̇bs

' ' ~t 2 τ!dτ (X3.9)

where:
Ȧ = time derivation of the burning area, m2·s–1,
t = time, s, and
τ = dummy variable.

X3.8.5 Time to ignition governed the growth rate of the
burning area. The area involved as a function of time was given
as:

A~t! 5 A0F 1 1 a
~t 2 tx!

2

t ign
G (X3.10)

where:
A0 = area behind the burner,
a = empirical constant, and
tx = value selected in relation to growth rate from burner

(0.025 s–1).

X3.8.6 If this equation was differentiated, then:

∆A 5 S 2A0a
tign

D t∆t (X3.11)

X3.8.7 Thus, the involved area for a given time is propor-
tional to the inverse of the ignition time, so the equation could
be written as:

Qproduct 5 S 2A0a
tign

D(~t i qbs
N2i ∆ t! (X3.12)

X3.8.8 The rate of heat release curve had to be expressed in
mathematical terms to solve the equations. Several workers
have suggested methods of representing the HRR from the
cone calorimeter (30-33). The simplest of these approaches
was described by Magnusson and Sundström (30) and Cleary
and Quintiere (31). The latter approximated the HRR as an
average constant value with a certain duration taking account
of the area under the actual heat release curve. Magnusson and
Sundström idealized the rate of heat release curves for com-
bustible linings from an open configuration apparatus:

Q̇ ' '~t! 5 Q̇max
'' e2λt (X3.13)

where:

Q̇max
'' = peak rate of heat release from the cone calorimeter,

irradiance = 50 kW/m–2(kW·m–2), and
λ = regression value specific to the material (s–1) calcu-

lated using:

λ 5 average of F lnQ̇C
' '

~t!⁄Q̇max
''

t
G (X3.14)

where:

Q̇C
= measured HRR per unit area from the cone calorimeter

at an irradiance level of 50 kW/m–2.

X3.8.9 In Eq X3.21, it was assumed a semi-infinite sample
effectively excluding the last part of the curve where the heat
release often increases. This was justified by the findings of
Thomas and Karlson (32, 33) who found that the initial part of
rate of heat release curve had much greater influence on the fire
growth than the final part of the curve, particularly when
modelling concurrent flame spread.
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