[lIM) Designation: E 603 _ 04 An American National Standard
i’

INTERNATIONAL

Standard Guide for
Room Fire Experiments *

This standard is issued under the fixed designation E 603; 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 epsilonef indicates an editorial change since the last revision or reapproval.

INTRODUCTION

This guide has been written to assist those planning to conduct full-scale compartment fire
experiments. There are many issues that should be resolved before such an experimental program is
initiated, and this guide is written with the objective of identifying some of these issues and presenting
considerations that will affect each choice of procedure.

This guide deals with any or all stages of fire growth in a compartment. Whether it is a single- or
multi-room experiment, observations can be made from ignition to flashover or beyond full-room
involvement.

One major reason for conducting research on room fires is to learn about the room fire buildup
process so the results of standard fire test methods can be related to performance in full-scale room
fires, allowing the further refinement of these test methods or development of new ones.

Another reason concerns computer fire modeling. Full-scale tests can generate data needed for
modeling. Comparisons of modeling with full-scale test results can serve to validate the model.

The various results among room fire tests reflect different experimental conditions. The intent of this
guide is to identify these conditions and discuss their effects so meaningful comparisons can be made
among the room fire experiments conducted by various organizations.

1. Scope 1.4 The rationale for conducting room fire experiments in

1.1 This guide addresses means of conducting full-scale firdccordance with this guide is shown in 1.5-1.8 o
experiments that evaluate the fire-test-response characteristicst-5 Room fire experiments are a means of generating input
of materials, products, or assemblies under actual fire conddata for computer fire models and for providing output data
tions. with which to compare modeling results.

1.2 Itis intended as a guide for the design of the experiment 1.6 One of the major reasons for conducting room fire
and for the use and interpretation of its results. The guide i§XPeriments is as an experimental means of assessing the
also useful for establishing laboratory conditions that simulat@otential fire hazard associated with the use of a material or
a given set of fire conditions to the greatest extent possible. Product in a particular application. This should be borne in

1.3 This guide allows users to obtain fire-test-respons&lind when designing nonstandard experiments. _
characteristics of materials, products, or assemblies, which are 1.7 A rationale for conducting room fire experiments is the
useful data for describing or appraising their fire performancé&ase when smaller-scale fire tests inadequately represent end-
under actual fire conditions. use applications. _ _ _

1.3.1 The results of experiments conducted in accordance 1-8 Afurther rationale for conducting room fire experiments
with this guide are also useful elements for making regulatorys t© Verify the results obtained with smaller scale tests, to
decisions regarding fire safety requirements. The use fo¥nderstand the scaling parameters for such tests.
regulatory purposes of data obtained from experiments con- 1.9 This standard is used to measure and describe the

ducted using this guide requires that certain conditions anfeSPonse of materials, products, or assemblies to heat and

incorporate all factors required for fire hazard or fire risk
assessment of the materials, products, or assemblies under

™ This guide is under the jurisdiction of ASTM Committee EO5 on Fire Standardsactual fire conditions
and is the direct responsibility of Subcommittee E05.13 on Large Scale Fire Tests.
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1.10 This standard does not purport to address all of the FM 4880 Large Scale Open Building Corner Pest
safety concerns, if any, associated with its use. It is the 2.5 ISO Standards:
responsibility of the user of this standard to establish appro- ISO 9705 Fire Tests—Full Scale Room Fire Tests for
priate safety and health practices and determine the applica-  Surface Producfs

bility of regulatory limitations prior to use. ISO 13943 Fire Safety—Vocabuldry
2.6 NFPA Standard:
2. Referenced Documents NFPA 265 Methods of Fire Tests for Evaluating Room Fire
2 1 ASTM Standards? Growth Contribution of Textile Wall Coverings

D 4442 Test Methods for Direct Moisture Content Measure- NFPA 286 Standard Method of Tests for Evaluating Contri-
ment of Wood and Wood-Base Materials bution of Wall and Ceiling Interior Finish to Room Fire
D 4444 Test Methods for Use and Calibration of Hand-Held ~ Growtt
Moisture Meters ;
D 5424 Test Method for Smoke Obscuration of Insulating3' Termln_ol.o_gy . o )
Materials Contained in Electrical or Optical Fiber Cables 3-1 Definitions—For definitions of terms used in this guide
When Burning in a Vertical Cable Tray Configuration and gssoqlated Wlth fire issues, refer to the terminology
D 5537 Test Method for Heat Release, Flame Spread angPntained in Terminology E 176 and 1SO 13943. In case of
Mass Loss Testing of Insulating Materials Contained inconflict, the terminology in Terminology E 176 shall prevail.
Electrical or Optical Fiber Cables When Buming in a 3-1.1 heat release raten—the heat evolved from the

Vertical Cable Tray Configuration specimen, per unit of ime. _

E 176 Terminology of Fire Standards 3.1.2 oxygen consumption principle—the expression of

E 800 Guide for Measurement of Gases Present or Genetl€ relationship between the mass of oxygen consumed during
ated During Fires combustion and the heat released.

E 906 Test Method for Heat and Visible Smoke Release 3-1.3 smoke obscuratigm—reduction of light transmission
Rates for Materials and Products by smoke, as measured by light attenuation.

E 1321 Test Method for Determining Material Ignition and 3.2 Definitions of Terms Specific to This Standard:
Flame Spread Properties 3.2.1 full-scale testn—a test in which the product(s) to be

E 1354 Test Method for Heat and Visible Smoke ReleasdeSted is utilized in the same size as in its end use. .
Rates for Materials and Products Using an Oxygen Con- 3-2-1.1Discussior—In practical applications, this term is
sumption Calorimeter usually applied to tests where the item to be tested is larger

E 1355 Guide for Evaluating the Predictive Capability of than would fit in a bench-scale test.

Deterministic Fire Models 3.2.2 total heat releasgm—. !ntegratgd value of the rate of
E 1537 Test Method for Fire Testing of Real Scale Uphol-neat release, for a specified time period.

stered Furniture .
E 1590 Test Method for Fire Testing of Mattresses 4. Summary of Guide

E 1822 Test Method for Fire Testing of Stacked Chairs 4.1 This guide does not define a standard room fire test. It
E 2067 Practice for Full-Scale Oxygen Consumption Calo-does, however, set down many of the considerations for such a

rimetry Fire Tests test, for example, room size and shape, ventilation, specimen
E 2257 Test Method for Room Fire Test of Wall and Ceiling description, ignition source, instrumentation, and safety con-

Materials and Assemblies siderations that must be decided on in the design of a room fire
2.2 UL Standards: experiment. It discusses performance criteria for the particular
UL 1715 Room Corner Tekt array of finishing and furnishing products that comprise the

room. The behavior of any particular product in the room
depends on the other products and materials present and how
they are arranged in relation to one another.

4.2 Whether a particular arrangement simulates the evalua-
tion desired depends on the size and location of the ignition
source. It is therefore important that the ignition source
simulate, insofar as possible, an initiating fire for the desired
scenario.

4.3 The main criterion suggested in this guide for evaluating
fire performance is based on the time to flashover as indicated
by the time at which the radiation flux at the center of the floor

UL Subject 1040 Large Scale Open Corner Test

2.3 ICBO Standards:

Uniform Building Code Standard UBC 8-2 Standard Test
Method for Evaluating Room Fire Growth Contribution of
Textile Wallcovering$

Uniform Building Code Standard UBC 26-3 Room Fire Test
Standard for Interior of Foam Plastic Systéms

2.4 FM Standard:

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 ° Available from Factory Mutual Research Corporation, 1151 Boston-Providence
the ASTM website. Turnpike, P.O. Box 9102, Norwood, MA 02662.

3 Available from Underwriters Laboratories, Inc., 333 Pfingsten Rd., Northbrook,  © Available from International Organization for Standardization, P.O. Box 56,
IL 60062. CH-1211, Geneva 20, Switzerland.

4 Available from International Conference of Building Officials, 5360 Workman 7 Available from National Fire Protection Association, Batterymarch Park,
Mill Rd. Whittier, CA 90601. Quincy, MA 02269.
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exceeds 20 kW/m Other suggested indicators of flashover at establishing a basis for conducting full-scale experiments for
include an average upper air temperature in excess of 600°tBe study of room fire growth.
and the ignition of a cotton indicator. Other possible perfor-
mance criteria include the total amount or rate of smoke an®. Experimental Choices
heat production, extent of the flame spread for a low-energy 6.1 Genera—The complete program for any series of
ignition source, and size of the primary ignition sourcefull-scale compartment fire experiments usually involves many
required to produce flashover. different considerations and possible simulations. This guide
4.3.1 Where multi-room experiments are being conductedseflects the current state of knowledge and suggests choices for
flashover may not be an appropriate performance criteria. lgeometry, ignition sources, and instrumentation.
fact, the experiments may have to be conducted beyond 6.2 Compartment Design
flashover. Post-flashover is usually required in the test room in 6.2.1 Ventilation
order to observe high levels of toxic gases and smoke in remote 6.2.1.1 Experiments with ventilation-controlled fires in
rooms or flame spread in adjoining surface areas. Othemhodel roomg1),2 where the fire has become large or reaches
performance criteria could be the levels of combustion prodihe point of flashover, show that the compartment geometry
ucts that impair visibility and cause incapacitation or lethalityand dimension influence the burning rate. An important rela-
in remote rooms. tionship is the following:
4.4 Primary igni'tion sources include gas burners, wood i = kay /A )
cribs, waste containers, and pools of liquid fuel. Waste con-
tainers and wood cribs have the advantage of presenting a solid
fuel fire with some feedback effects and a luminous flame thatwhere:
appears to simulate the burning of furniture. However, the gagn = mass loss rate (kg/s),
burner is the best choice for most fire experiments because oft area of the ventilation opening @
its reproducibility. The placement of the ignition source de- height of the ventilation opening (m), and
pends on the desired effect on the target material. a proportionality constant, the value of which is

4.5 The instrumentation for measuring burning rate, heat _ . apprquately 0'09. !(g/ﬁ"z S: . .
release rate, heat flux, temperature, upper layer depth, airTh'S equation is an empirical relationship resulting from the

velocity, flame spread, smoke, and gas concentration is dig_lassic ventilation-controlled wood crib fires that Kawag@p

cussed, along with suggested locations. A minimum level oftudied. Other experiments by Hagglu(g) reveal that flash-
instrumentatign i alsogguggested. over was not observed fok\/H below 0.8 nt2 Hagglund

: o ducted experiments on wood cribs in a compartment
4.6 Atypical compartment size is 2.4 by 3.7 m [8 by 12 fi], conduct . .
with a 2.4-m [8-ft] high ceiling. A standard-size doorway (0.80 M€asuring 2.9 by 3.75 by 3.7-m high. These studies suggest

by 2.0-m high) should be located in one wall, probably in Onethata limiting burning rate that depends on the ventilation must

of the shorter ones. The top of the doorway should be at Iea&e exceeded before flashover occurs. The correlation is useful

- - ; - as a guideline for the occurrence of flashover.
g.nétjn;]c[)%(;;llgown from the ceiling to partially contain smoke 6.2.1.2 However, later studies show that the rate of burning

4.7 Insofar as possible, the construction details of the WalPecomes independent of ventilation at flashover. Also, a single

h . . Item with a large enough burning rate can induce flashover.
and ceiling, as well as any enclosed insulation, should dupli; mong other parameters, ventilation plays an important role in
cate the room being simulated. Boundary surfaces that do nc'ﬁf g P ) piay P

form the specimen should also be constructed of material |re<at;?verlty. Drysdalé4) explores many of these parameters in
consistent with the room being simulated (see 6.2.3). '

48 Th fetv of ob d th tinauishing th 6.2.1.3 Ventilation should be continuous in a multi-room
: € salety of observers and the crew extinguishing the, facility. The doors may be either open or partially closed.

fire is empha5|ze(_1 strongly in this gwde. . One can install a typical heating ventilation and air condition-
4.9 The analysis of data should include a comparison of the, (HVAC) duct system if the compartments are closed
critical times, heat fluxes, temperatures, heat release rate, an 2.2 Size and Shape of Compartrment '

smoke generation in the room with ignition, flame spread, and 6.2.2.1 The geometry of the compartment in conjunction

smoke properties of the specimen materials. This would aid ity the thermal properties of the wall and ceiling materials has
the development or modification of small-scale tests and would <o ntial influence on the behavior of a confined fire

ZEZY;?E;;S?JS:T:r}g?én;]a;ggéor assisting in the development Ofparticularly by affecting flow patterns, and hence the mixing

and combustion characteristics of the fire. Thus, the compart-
N ment size, shape, and openings should be chosen to simulate
5. Significance and Use the nature or type of compartment or facility in which the
5.1 This guide provides assistance for planning room firesubject material, product, or system is expected to be used in
tests. The object of each experiment is to evaluate the role afctual service. If there is a range of sizes, account should be
a material, product, or system in the fire growth within one ortaken of the fact that for a given ignition exposure, the smaller
more compartments.
5.2 The relationship between laboratory fire test methods
and actual room fires can be investigated by the use of srthe poidtace numbers in parentheses refer to the list of references at the end of
full-scale and reduced-scale experiments. This guide is aimeglis guide.
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compartment sizes will usually provide the most severe fire 6.2.3 Thermal and Radiative Properties of Compartment
development conditions. However, it has been found that roorhinings

size (if the floor area lies between 8.7 and 114and one of 6.2.3.1 The fire gas temperature and heat flux levels in the
the room floor dimensions is between 2.4 and 3.7 m) has ||tt|¢|re Compartment depend on the heat balance of the Compart_
effect on heat development if the heat release rate i; below 6QQent (heat released during the combustion process and heat
kW (5). The compartment should preferably be designed to bgyst to the bounding surfaces and transfer of thermal energy
symmetrical and as simple as possible for ease of analysigye to the net flow of hot gas from the room through natural
Several test methods and one practice (see 6.2.2.2) include\@ntilation or forced ventilation systems. Heat transfer to a
standard room often designated as ASTM room. ASTM roomhounding surface in the presence of flames occurs mainly by
is a 2.4 by 3.7-m [8 by 12-ft] room with a 2.4-m [8-ft] high radjation and convection. The amount of radiant energy im-
ceiling. It has one standard-size doorway left fully open. Thesinging on a surface depends on the radiative properties of the
space between the top of the door and the ceiling is criticabyposure fire and of the surrounding surfaces. The convective
because of the trapping of smoke and hot gases. Itis 0.4 m [1gat transfer rate is determined by the geometry of the
in.] in the ASTM room. The room dimensions may be chosen,onding surface and the magnitude and turbulence associated

to simulate some particular applications. However, if there argith the gas flow in the compartment. Heat transfer, which
no constraints, it would probably be better to remain within theggracts the magnitude of heat flux acting on the bounding

dimensions of the ASTM room for possible comparison withg face, is related directly or indirectly to both the size and
other single compartment tests. Also, many commercial testlnghape of the compartment involved even though radiative

laboratories have set up an instrumented ASTM room. Th(%roperties of the materials contained in bounding surfaces are
room should be located inside a larger, carefully ventilateq,n ejated to geometrical issues. Consequently, the geometry,

enclosure to ensare mirrllimu(;n interference fré)m drafts or Windperma| and radiative properties, and degradation characteris-
currents. Re{6) shows how doorway size and room geometryjoq of the compartment surfaces should be considered care-

affect fire growth. In order to measure many of the propertiesfél"y when conducting compartment fire experiments.

that are required from room-sized tests, a canopy hood an . o
exhaust duct are required. These are usually placed either in tf(lj86'2.'3'2 The thermal lngrtla (product of thgrmal con.ductlvr[y,
ensity, and heat capacityp® of the materials forming the

room itself, or more commonly, just outside the doorway (se€: ". . . ; .
Y. y( qmlngs of a fire compartment (bounding materials) directly

FI%'21)2'2 The following standards involve the use of full affects their surface temperature, and its corresponding rise, the

rooms: Test Methods D 5424. D 5537. E 1537. E 1590. E 18252t€ of heat dissipated into the internal surface, and the room
and E.2257 NEPA 265 NF,PA 286 ,UL 171’5 UBC 78-2(no gas temperature. The influence of the wall materials on the

longer in use), UBC 26-3 (no longer in use), and ISO 9705 alemperature distribution in the gas is also a function of the
well as Practié:e E 2067. This list may not b’e complete. ' “radiative properties of the gas and the gas velocity. Relevant
nondimensional parameters which account for this coupled

6.2.2.3 In a multi-room test, it is critical to duplicate the size, ) ; ; O
P teraction have been publishég). If the thermal inertia is

and location of corridors and remote rooms. If flame sprea d insulati h » )
along walls is being observed, it may not matter if the corridor©¥. (900d insulation), the surface temperature rises more
idly, the rate of heat transfer decreases, and the radiation

has a closed end; it does matter when the flame spread on tf@&P! o <
floor is important. It has been shown that closing the corridoMitted from the upper walls and ceiling to both the fire itself

has very important effects on gas flow and decay of géBes and the lower part of the compartment increases. The emissive
8). power of surfaces and their temperatures are coupled through

the radiative transfer equation. Bounding surfaces consisting of

materials with good insulating properties will produce substan-
Guide A Opening o 400 tially higher gas temperatures in the room than when poor
I 5000 Guide insulators are used for lining the enclosed space. The effect of

-t

Al | _Pitot tube VANeS A : : compartment thermal properties on the time-temperature curve
EES M “f e .l z has been analyzed mathematically in the post-flashover regime
o Exhaust duct 8 408 vyl = with numerical methodg10-12) Full-scale studies demon-
Lamp. photo cell mes0Bx00 I J strate the effect of compartment wall properties on the fire
T‘o—;&aust as analysis Hood g,"f;';"‘ i S intensity (13-15) Typical thgrmal property_values of some
gas cleaning Opening o~ T2 8 samples of common materials are given in Tabl¢l&) as
Frame of steel/ l gwdance.
0% 100 x 3,2 6.2.3.3 The radiative characteristics of the bounding sur-
Stesi plates” Dimensions in millimeters facgs influence the compartment gas temperatures, particularly
toptionah during the pre-flashover stages of compartment fires, but this
N effect decreases with timg0). Bounding surfaces having a
#240 T #340 greater absorptivity result in a lower gas temperature in the fire
doStes) plates Details of exhaust system compartment. However, the surface absorptivity effect is pro-
s 8 & D Somm nounced when good thermal conducting materials are used on
Cross Sectian ot Guide Vanes ' the walls, ceiling, and floor and is of minor practical impor-
FIG. 1 Canopy Hood and Exhaust Duct tance for the compartment lined with high-insulation materials.
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6.2.3.4 Since the severity of a fire in its early stages willtent, and fire properties of each component should be detailed.
depend on the heat exchange with the bounding surfaces of thiepossible, the thermal conductivity and specific heat should
room, it is important that construction details, such as thealso be listed. Some fundamental fire properties of the material
wallboard thickness, type, size, and spacing of the studs arms determined by accepted test methods such as the cone
joists, and insulation, if any, in the wall and ceiling cavities, becalorimeter, Test Method E 1354, the OSU calorimeter, Test
representative of the construction that is being simulated. Faviethod E 906, or the LIFT apparatus, Test Method E 1321,
those areas of the interior surface not being tested, a suitabteflect various aspects of the fire performance in a room fire.
inert material may be a ceramic fiberboard that has thermdbata such as heat release, smoke release, ignitability, flame
properties similar to those of gypsum board. (Tran and Janspread, etc. may assist in interpretation of the results of the
sens(15) have demonstrated that ceramic fiberboard is a veryoom fire experiment. The ignition times, flame spread distance
good insulator and can increase the severity of the testand rate, and heat release rates depend on many factors, such
Gypsum and ceramic fiberboard give different results, and thas the incident heat flux on the specimen and the type of flame.
results must not be intermixed. Gypsum is the material oHence, the exposure conditions during the room fire experi-
choice for normal tests. ments should be described. If possible, the bench-scale fire

6.2.3.5 During the course of a compartment fire experimentiests should be performed on specimens that have the same
the disintegration or cracking, if any, of the materials lining thethickness as the material used in the room temperature for
compartment will affect the behavior of the confined fire.thicknesses up to 50 mm [2 in.].
Vertical pressure gradients developed in the presence of the fire6.3.2.4 The location of items of furniture in terms of their
will cause smoke and hot gases to leak to the outside and codlstance from the wall, corner, and other furniture items should
air to be drawn into the compartment through the cracks in th&e identified in terms of their distance from the different walls,

compartment walls or specimens. corners, and any other furniture items specified. For each
6.3 Specimens furniture item to be tested, the horizontal and vertical exposed
6.3.1 General areas, total weight, and moisture content should also be

products in the room can be considered to be part of théomposition, if known. The test standards addressing §pecific
specimen. When some of these products are combined to for{gms, such as Test Method E 1537, for upholstered furniture or
an item of furnishing or a wall, the combination becomes thele€st Method E 1590, for mattresses, give details of the loca-
specimen. In fact, the walls, ceiling, floor, and all of thetions to be used.

furnishings constitute a configured specimen whose properties 6.3.2.5 The ambient temperature and humidity of the room

include the physical and chemical properties of the items anénd the time these conditions have been maintained prior to the
their location. experiment should be recorded.

6.3.1.2 The following paragraphs deal with recommenda- 6.3.3 Selectior—The choice of the specimen is based on the
tions for the description and selection of specimens for thebjective of the room fire experiment, which may be one of
room fire experiments to ensure that the important variablethree types: 1) a demonstration experimeng)(a comparison
will be considered, and to provide a basis of comparisorof theory and experiment, oB) a determination of the fire
between experiments conducted at different laboratories.  performance of a particular product.

6.3.2 Description—As much information as possible should 6.3.3.1 In the demonstration experiment, the room should
be secured and reported for the materials, products, ange finished and furnished in the most realistic way possible.
assemblies in order to provide the necessary information on th@bservations and measurements should be aimed at uncover-
room fire specimen. Along with a description of the ventilationing the important phenomena involved in the simulated room
conditions and ignition source, the data are intended to providére and at establishing possible levels of temperature, gas
the input necessary to estimate the degree of involvement afoncentration, and times of occurrence, etc.
the various combustibles and the maximum rise in the upper air 6.3.3.2 In the second type of room fire experiment, the
temperature that could potentially be attained. emphasis is on the ease of description so that calculated values

6.3.2.1 The specimen should be divided into componentsan be checked against the experimental results. The number of
classified either as finishing materials, wall and floor coveringsproducts in any given experiment should be minimized for
or furniture. simplicity of description. However, products covering a large

6.3.2.2 The location of the material, product, or assembly taange of properties should be selected for the tests so that the
be tested as a lining should be specified as in one or more of theediction formulas developed do not have limited applicabil-
following zones: 1) ceiling, ) upper half of wall, 8) lower ity.
half of wall, (4) floor, or (6) fraction of a zone, for screening  6.3.3.3 In the third type of experiment, to evaluate fire
purposes. Both combustible and noncombustible componeniserformance, the location of the comparison product in the
are to be taken into account. The test standards addressingom should be based on its intended use (that is, a ceiling,
specific items, such as Test Method E 2257, NFPA 265, owall, floor, wall covering, or item of furniture). Because of
NFPA 286, give details of the locations to be used. heat-trapping effects, the ceiling material should cover the

6.3.2.3 The chemical composition, generic or brand name ofomplete room ceiling. While it may not be necessary to cover
the lining material, and any involved adhesive interfacesthe entire wall area with the wall product, the area covered by
description of exposed area, thickness, density, moisture comwall product must be large enough to contain all wall areas
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exposed during the experiment and extend beyond the end &fication, morphology, dimensions, and all other physical and
any expected flame spread. In general, other materials in ttghemical characteristics that are necessary to repeat each
room should be noncombustible, or at least of low heat releasggnition scenario. Typical ignition sources may be solid, liquid,
and should remain the same from experiment to experimentr gaseous fuels and include wastebaskets, furniture items,
Because of its widespread use and low heat release, gypsunood cribs, gas burners, liquid pool fires, and liquid fuels
board is often used, but the board must be replaced betwegmured onto items of furnishings. The size is strongly depen-
experiments in those areas in which it was exposed to fire. Adent on the degree of fire buildup required for the experiment
alternative is ceramic fiberboard. and the combustibility of the materials used in the experiment.

6.3.3.4 The experimenter may occasionally want to evaluaté/hen choosing an ignition source for a particular experiment,
the outcome of the most severe ignition source and produdhe characteristics of the product to be tested (size and heat
orientations. It would be prudent for a caveat to be added to thproduction capability) should be taken into account, so as to
conclusions of the experimental report stating that othemake a reasonable selection.

ignition source strengths and material orientations were not §.4.2.1 Gas burner flames have the following characteris-
considered and therefore could not be evaluated on the basis @fs: (1) they are reproducible®] they are well-defined (that is,
the subject experiments. their heat production rate is determined readily from the gas
6.3.3.5 Unless special considerations apply, the relativilow rates); 8) they can be varied with time to represent the
sizes of the product to be tested and of the ignition sourcgurning of different items of furniture or be maintained
should be such that only a fraction of the product to be testedonstant to facilitate analytical studied) their burning rates
should be consumed, if the product to be tested has googre not influenced by heat feedback (unless controlled artifi-
enough fire performance. cially); (5) the radiation properties of the flames are different
6.3.4 General Considerations than those of the product simulated; aB)l gas flames do not
6.3.4.1 The distinction between materials located on thegesemble what is seen in real fires.
upper and lower walls is made because heat conduction lossesg.4.2.2 Differences between diffusion and premixed burners
occur primarily through the upper walls and ceiling. Increasingshould be recognized. For example, the flames from a pre-
the insulation in these areas increases the rate of temperatufeixed burner will be shorter and have lower emissivities. In
rise in the room and the maximum temperature that will beorder to avoid locally high velocities, the gas can be delivered
reached. through a large-area diffusing surface, such as a porous plate or
6.3.4.2 The spacings between the items of furniture, along layer of sand.
with the Ignltablllty of the furniture, determine the probablllty 6.4.2.3 |_|qu|d fuel poo| fires have the fo”owing character-
and time of flame spread between them. When two or morgstics: (1) their rate of fuel production is determined readily
items of furniture are burning, their separation distance detefrom their rate of mass loss or the flow rate necessary to
mines whether the flames will merge. Furthermore, the heahaintain a constant depth in the pooB) (they have an
transfer between them will enhance their separate burning rat@steraction with the fire environment that can be quantified by
so that larger flames will result. The proximity of the burning their change in heat production rat8) ¢hey are reproducible
item of furniture to the wall and corner causes an increase iinder the same exposure conditiond); their radiation char-
flame height with an attendant increase in air temperature angteristics can be controlled by the choice of fus);the effect
the probability of the flame jumping between the item and thepf feedback is not quantitatively the same as that for furnish-
wall. ings; and 6) they lack visual realism unless they are intended
6.3.4.3 In addition to its toxic effect and visibility problems, to represent liquid fuel spills. A variation of the liquid pool fire
smoke is a factor in the heat radiative exchange between thg obtained by supplying the liquid fuel in a matrix of sand in
upper and lower portions of the room. The height of theorder to vary its burning rate.
furniture items or wall covering material will determine the g 42 4 The solid fuels that have been used as ignition
probability of their ignition by the hot air layer in the upper part 5 rces for room fire experiments have included primarily
of the room. Horizontal and vertical surface areas are thereforgaste containers and wood cribs, with the latter having the
specified separately because of the difference in heat transfgy,qest history. Stick size, type of wood and spacing, as well as
from flames to surfaces with these orientations. These differrota| mass have a large effect on the burning rate of the wood
ences lead to different heat release rates and flame spregfys The use of the above two types of solid fuels is
characteristics. emphasized in this guide because they have been used the most
6.4 Ignition Sources up to the present time. However, the reproducibility and
6.4.1 General—The choice of a primary ignition source in a precisely known heat output of a gas burner makes it a likely
compartment fire experiment is a critical item. This guidecandidate for replacement of the cribs and waste containers for
presents a list of the important considerations for the choicestandard room fire experiments when detailed heat balances
There will always be compromises on the size, location, type ofmust be obtained from the experiments. Waste container and
fuel, time of burning, type of burning, and other factors. Thiswood crib fires have the following advantage:they provide
discussion will present some of the important considerationghe best visual simulation of the burning of furniturg) their
and various choices that can be made. interaction with the environment of the fire room is perhaps
6.4.2 Type and Size-The complete character of the ignition closer to, though not the same as, that of the burning furniture;
source should be determined, including weight, material idenand @) their radiation characteristics more nearly match those
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of the furniture fire. Waste containers and wood cribs have theause full room involvement in a very small compartment,
following disadvantages:1j their reproducibility is not as while a 22.7-kg [50-Ib] crib would be necessary for a larger
good as that of gas burners a®i {he ratio of their heat release compartment lined with identical material. In one set of
rates to their measured mass loss rates vary throughout the tegihderwriters’ Laboratories full-scale room bur(®5) using a
6.4.2.5 Both the National Institute of Standards and Tech2.4 by 3.7-m [8 by 12-ft] enclosure with a 2.4-m [8-ft] ceiling

nology (NIST, formerly the National Bureau of Standardsand a standard-size door opening, a 1.4-kg [3-Ib] waste
(NBS)) and the University of California, Berkeley, laboratories container located in one corner was sufficient to cause full
have used plastic waste containers as ignition sources ifvolvement of the room when it was lined with a high flame
compartment fire experimentfl7, 18) The combustibles spread foam, but not with low flame spread foams. An
within these waste containers have been plastic-coated papgyerstuffed chair with cotton padding was found to have a
milk cartons, paper tissues, carbon paper, paper towels, or kraghming rate equivalent to a 6.4-kg [14-Ib] cr{t8). In that

wrapping paper, or some combination thereof. Plasticized ;e study, when two 1.8 by 2.4-m [4 by 8-ft] panels of the
paper milk cartons make a relatively intense fire, as shown _b¥pecimen material formed one corner of a 3.0 by 3.0-m [10 by
buming rate, plume temperature, and heat flux. The milkys 1 eynerimental room, the 6.4-kg crib located in the same

cartons represent a comk_)manon_ of a cell_ulosm and Rorner was able to cause flashover with plywood and particle
hydrocarbon-based polymeric material with a high surface-tog ' 1 1t not with the wood fiber insulating board. A report by
volume ratio comparable to the contents of a typical wast )

container in an American home eQuintiere and McCaffrey26) illustrates the effect of various
i cribs and ventilation sizes on fire intensity.

6.4.2.6 If an ignition source is kept small, so that it does not 6.4.2.10 latively | di .
cause flashover by itself, it can then be used to determine the 8-4-2-10 Relatively large-dimension open comer room con-

effect of furniture or wall, ceiling, or floor covering on fire flgurations, consisting of one long wall, one short or end wall,
development in that compartment. The maximum size of ahd an included horizontally oriented ceiling, have been
ignition source that should be chosen is thus dependent on ttféandardized and codified as proprietary test methods by
size, shape, and ventilation of the compartment as well as thdnderwriters’ Laboratories and by Factory Mutual Research
location and burning characteristics of the ignition sourceCorporation (UL 1040 and FM 4880).
itself. The size of the ignition source also depends on the 6.4.3 Location—The location of the ignition source is one
scenario to be investigated. of the most important considerations when conducting com-
6.4.2.7 It has been determined that the rate of heat release frartment experiments. Fig. 2 shows schematically how the
a ventilation-controlled fire is proportional t#&\/H (6.2.1). flame height from a given ignition source increases when
For a typical fire scenario, the ignition source heat release ratglaced against a wall and in the corner. Also, the flame height
should be less than 15 % of that estimated to produce flashov@s strongly dependent on the proximity of the ignition source to
in the burn room. The size of the ignition source should noteach wall. The distance from the wall might be set at 25 or 50

repress the contribution of the product that is being testednm [1 or 2 in.]. See Babrausk#87) and Thomas, et a(28)
When using gas burners, or a pool fire, the flow rate can beyr more detail.

_adjusted S0 th_at It does not cause flashov_er by itself. Other 6.4.3.1 The simplest model of combustion of an ignition
items used as ignition sources, such as furniture, can be tested

. . . : spurce is given by Li€29), wherein he notes that, although the
in calorimeters to determine the heat release rate prior to actual . . .
testing combustion process is determined by a large number of

6.4.28 lonit h terized by the followi iarameters, all of these parameters are related to the three
~+.2.6 1gnition sources are characterized by h€ TolOWING, ;g0 tia) elements of fuel, heat, and air. The estimated height of
categories: 1) total fuel content; Z) type of fuel content;J)

i : flames has been the subject of many stud&&33) but in

rate of fuel release as a function of timé) (ate of heat release eneral it can be simplified to a relationship in which flame
as a function of time;g) height of flame for given position ger ! IMpHt . : b1 wh
(that is, corners, wall, etc.)) direct use of convective and height is governed by thg entrainment (.)f air into the flame
radiative heat flux; and7j time of burning. These character- PIUMe. If the access of air to the flame is blocked from one
istics can be determined for a variety of ignition sources, an§'d€; Such as would occur by placing the ignition source against
the compartment experiment can be initiated with the appro2 Wall, then one would expect a higher flame for the same rate
priate source. Then, if a given ignition source does not lead t§f gaseous fuel leaving the source. This analogy can be
full room involvement with a given wall lining or to burning in extended further to an ignition source in a corner in which the
a piece of furniture, when the intent is to determine thetwo walls block air access from two sides. This gives the
threshold size of the ignition source required to producdongest flame extension compared to either the free-burning
flashover, the intensity of the ignition source can be increasegource or that against a wall. Because of this result, the normal
for the next experiment. Typical heat release rates as a functigoractice is to make the corner the standard location for the
of time for larger sources have been report@8, 20) For ignition source for the room fire experiments when the lining
more data, the user should refer to Gr¢a$), Babrauskas, et material is intended to become involved first. The ignition
al. (22), Holmlund (23), and Ahonen, et al24). source should be placed directly in contact with an item of

6.4.2.9 The designer of any experiment would be wise tdurnishing if that is to be involved first. In the case of a liquid
explore the effect of a variety of ignition sources in thefuel ignition source, it may be desirable to pour the fuel
experimental arrangement. A 9.1-kg [20-Ib] wood crib mightdirectly onto the item of furnishing.



(a) In the center of the test area (b) At one wall (c) At the corner
FIG. 2 Schematic Diagrams of Ignition Sources (Note the change of flame height shown)

6.4.3.2 The imposition of a ceiling on the flame plume of anthe use of ignition sources that produce flame heights substan-
ignition source has a very special effect on the combustion dfially higher than the compartment ceiling may lead to flash-
the fuel. Entrainment of ambient air into the fire plume isover and sustained involvement with only minimal combustion
decreased sharply when the plume turns the corner anof the specimen material.
becomes a ceiling jet. Such decreased entrainment leads to ar6.4.4 Burning Characteristics-A description should be
increase in flame lengths since more flame surface is necessagiven of calibration experiments performed with linings that do
to consume the fuel vapor delivered by the plume. This speciatot contribute significantly to a fire. These experiments are
feature of ceiling jets has been discussed by Alga4t 35) conducted with the same ignition source, and the following
The net result of the interaction of the flame plume and thgarameters should be recorded as a function of time: ceiling
ceiling is shown schematically in Fig. 3, in which the flame temperatures, mass loss rate, heat flux as a function of distance,
plume is represented as having a height L2 above the ceilingnd observed flame height.
line in the absence of a ceiling, but spreading a distance L1 6.5 Instrumentation
under a ceiling. It has been noted by P. H. Thomas that the ratio 6.5.1 Calibration:
of L1to L2 may be as large as 6 or 7:1, but this does not appear 6.5.1.1 Instruments must be calibrated carefully with stan-
to have been measured systematically for a range of fuelslard sources both before and after the room fire test. Among
ceiling materials, and boundary configurations. In any eventthese are the load cells or weighing platforms, heat flux gages

FIG. 3 Flame Plume Under a Ceiling
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or radiometers, smoke meters, flow or velocity transducers, ganeasured. Reradiative or convective heat transfer from a
burners, and gas composition analyzers. Most such calibratiorssirface near the gage can be estimated from surface tempera-
can be conducted before the instrument is installed. Smalture measurements. Thus the calculation of the net flux to the
portable wind tunnels have been used successfully to calibragurface is allowed. Caution must be exercised, when using
anemometers. A portable black body is suitable only forGardon-type gages, to make measurements with a large con-
calibrating narrow-angle heat flux transducers. Most of the heatective fraction as a result of calibration constant changes.
flux transducers used in room tests are of wide-angle typeAdditional information is contained in the literatu(40-42)
Methods have been developed at NiSE) and at the Swedish 6532 The importance of frequent cleaning, blackening,
National Institute(37) for calibrating wide-angle heat flux ang recalibration should be stressed. The buildup of deposits
transducers. on the foil of the Gardon gage will reduce sensitivity, and,

6.5.1.2 Even if the instrumentation has been calibratedunfortunately, this can occur during an experiment. The
reliability can still be a problem. A small portion of the Schmidt-Boelter gage is less affected by deposits, generally
full-scale room should be set up and instrumented successivelyiore rugged, and somewhat more accurate because of the
with the various transducers for this reason. A reliability checksmaller surface temperature rise for a given flux. (This tem-
could be obtained by using gas burners in such a full-scalgerature is measured with a thermopile rather than a thermo-
segment. couple.)

6.5.1.3 Quantities such as heat release, temperature, ands.5.3.3 A better resolution of the source of the incident flux
heat flux cannot be measured with high precision in a firgs obtainable from narrow-angle radiometers mounted outside
environment. It is important not to report them with excessivethe enclosure. These measurements can be compared directly
significant figures. with those from wide-angle heat flux gages by estimating

6.5.2 Heat Release Ratelt is usually extremely important overall radiating surface areas. Wide-angle (up to 180°) radi-
in a room-scale test to know the heat release rate of the firemeters with air-cooled windows are nearly impossible to
throughout the experiment. Before the fire has spread signifieonstruct; those obtainable have effective view angles of less
cantly beyond the initial item, load cell or platform transducersthan 120°, making it difficult to interpret the signal.

can be used to determine the mass-time history of the primary 6.5.3.4 Spectral and angular effects on the transmission of
burning specimen. Mass loss rate measurements cannot ke radiometer window, soot deposits on the window, and
converted directly to heat release rates due to the unknown hegdradiation from the heated window to the foil make radiom-
of combustion of the volatiles and the unknown completenesgters unsuitable for use in room fire experiments. Another
of the combustion reaction. Heat release rates are normalinethod of heat flux measurement is obtained by imbedding one
determined, fairly accurately and continuously, throughout ar more fine wire thermocouples, often with one at the exposed
test by measuring the oxygen concentration and calculating thigce. Numerical solution of the transient thermal conduction
heat release rate by using the oxygen consumption principlgquations or the inverse heat conduction equations for the
(38). This requires the installation of a hood and an exhausgneasured surface temperature time history then yields the net
duct for collecting all of the combustion products leaving theheat flux to the exposed surface. Temperatures at several depths
fire room. Moreover, it requires measurement of the oxygenithin the material can be used to double-check the numerical
concentration, differential pressure in the duct, and temperatuii@sult. What makes this method of heat flux measurement
in the duct (the latter ones to determine mass flow rate in thearticularly desirable is that portions of the furniture, walls,
duct). Increased accuracy of heat release measurementsaifd ceiling in the room satisfy all of the conditions necessary
obtained if carbon monoxide, carbon dioxide, and water argor solution of the conduction equations. Imbedded thermo-
also measured in the exhaust duct. All exhaust duct measurgouples at several wall and ceiling locations, especially near
ments should be made at a location at which the stream is wethe ignition point, are also desirable as a means of determining
mixed. This will occur at approximately six to ten pipe the fire energy losses other than by convection and radiation
diameters downstream of the exhaust duct (see 6.6). The g@srough room openings.

concentrations, along with the mass flow rate in the duct, can g 5 3 5 There are four main areas in which sets of heat flux

be used to calculate the heat release rate as described in Regfoeq should be located during a compartment fire experiment.
(38). Further details can be found in the corresponding tes

) ) ) ne location is as close as possible to the product or specimen
methods and in a textbook addressing the subject of hegjsially ignited. Such a heat flux measurement will enable the
release in fire¢39) radiative environment of the burning fuel to be determined, and
6.5.3 Heat Flux this information is useful for evaluating the flammability of
6.5.3.1 While knowing the total energy output of the fire is materials. A second heat flux gage location should be at any
useful for evaluating a product’s performance, determining théuel specimen likely to become involved as a result of the
distribution of energy flux within the compartment is necessarygradual fire spread to contiguous or nearby materials. This
in order to explain how fire spread occurs. The heat flux gagesieasurement will be useful for evaluating the ignitability of
used in room fire tests should measure the total flux over a 2fuel in the fire environment. Heat flux gages more remote from
solid angle. Water-cooled Gardon-type and Schmidt-Boelterthe primary fire but still within the compartment constitute a
type gages with black receiving surfaces are by far the moghird group, which can be used to determine when general
reliable and accurate of all flux transducers. With this type offoom involvement occurs. Such measurements should be made
gage, the flux incident on a surface from all sources can baear the floor level. Finally, heat flux gages mounted outside
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the compartment and viewing door or window openings willcost can be reduced by the use of a fluid switch to connect
respond when the compartment fire becomes an active threat$everal probes successively to a manometer. However, this
other building areas. slows down the data acquisition process, since time must be

6.5.4 Temperature allowed for the pressure to equilibrate at each station. Texts by

6.5.4.1 Gas temperature measurements at locations througR€nedict (43) and Ower and Pankhurgd4) are excellent
out the compartment are obtained easily by the installation ofOUrces of information on temperature, pressure, and air flow
fine wire (preferably 0.31-mm [0.005-in.] diameter), exposed-Méasurements. Ducted air supplies or retumns need to be
bead thermocouples. Such measurements will be relativefffonitored in the same way as other flows. Pressure differen-
accurate and useful for thermocouple locations in the movin§@!S should also be measured between the compartment, air
smoke layer both within the compartment and in the opening<dUcts, and exterior side of the compartment.
Radiation errors can be significant for thermocouples in view 6.5.5.1 The traditional methods of measuring the air veloc-
of flames or within optically thin flame zones. The magnitudeity used to be the hot wire or hot foil thermoanemometer for
of the radiation error can be determined by measuring théow-velocity cold air inflow in the lower part of the doorway
temperature with different size wires or welded junctions anc2nd the pitot tube for the higher-velocity high-temperature
extrapolating to zero diameter wire or junction to determine theoutflow near the top of the doorway. Two problems that must
true temperature. One method for reducing these radiatioRe considered are the effects of thermal radiation on the
errors is by the use of aspirated thermocouples (that ighermoanemometer and sooting of the pitot tubes.
thermocouples recessed slightly from one end of a tube, the 6.5.6 Fire Propagation
other end of which is connected to a pump drawing approxi- 6.5.6.1 While the grid of gas, surface, and imbedded ther-
mately 8 dni/min). The resulting air-flow over the thermo- mocouples will provide a detailed plot of pyrolysis and
couple bead, approximately 5 m/s, is sufficiently high to allowprobably reaction zones, a photographic record of the fire is
accurate temperature measurement based on the thermocougigential to establish flame spread rates and burning area
voltage alone, even within flame zones. Because of thelearly. In general, tests should be videotaped. The usefulness
difficulty associated with their installation and maintenanceof the photographic record depends primarily on an accurate
throughout the experiment, as well as their expense, aspiratesne synchronization with all other experiment measurements.
thermocouples would normally be limited to critical locations. For this purpose, one or more clocks synchronized with the
Errors are also introduced when the number of connectiongata acquisition time system should be clearly in view of all
increases. The number of thermocouple connectors should lameras or integrated in the photographic or video system.
kept to a minimum. Digital clocks are generally easier to read in photographs and
6.5.4.2 Thermocouples should be placed at vertical intervalgiovies. Also, a length-scale grid on one or more walls and
of 76 to 152 mm [3 to 6 in.] at the following locationsl)( doorway opening should be used. Resolution may be better
within the fire plume of the ignition source2)(near the center Wwith appropriate still photography.
of the room, andg) in any door or window opening. Individual ~ 6.5.6.2 Photographic records of the compartment fire can be
thermocouples should also be located adjacent to all aisupplemented by observation with audio recorders running
velocity probes, optical density light paths, and heat flux gagesontinuously. A written listing of observations with time should
6.5.4.3 When measuring a material surface temperature, tHe provided in the report of the experiment.
thermocouples should be placed with junctions in contact with 6.5.7 Smoke
the surfaces. The wires on either side of the junction should lie §.5.7.1 The generation of rate of smoke during the fire is
in contact with the surface for a length of at least 5 diametergery important. The time history provides information on the
in order to reduce heat conduction losses along the wires. Ifate of smoke buildup and therefore allows the average smoke
some cases, it may be appropriate to use a bonding material, gdncentration to be calculated for the compartments commu-
which case the bonding material should be specified as well aficating with the fire area. The measurements are made by
its method of application. However, the bonding material will determining the attenuation of a light beam as it travels from
affect the surface temperature to some extent. If possible, it is\e source to the target. A collimated light source and a
better to drill two tiny holes 10-mm apart normal to the photometer placed directly opposite to it is a typical arrange-
surfaces. The junction would be located midway between thénent. In the present state-of-the-art, the concentration of
holes. The lead wires would be threaded through the holes anghoke is best measured by the extinction coeffic{éB) using
pulled tight. a laser source. A design of such a system, now commercially
6.5.5 Air Velocity—Air velocity is normally determined by available, is shown in Fig. 4. Careful alignment between
means of the bidirectional flow probe. This probe is lesstransmitting and detecting optics is necessary for optimal
affected by high temperature sensitivity problems and foulingoperation. The smoke generation rate can be obtained by
from soot deposition than older techniques, such as pilot tubesieasuring the extinction coefficient and flow of smoke. Pos-
The probe basically consists of two large pitot tubes facingsible locations of smoke measurements are the exhaust duct,
opposite directions. An electronic (variable capacitance) mavertical or horizontal within the room, and any door or window
nometer connected to the probe then allows an accura@pening. At compartment openings, smoke measurements
determination of flow velocity magnitude and of whether thereshould be conducted at multiple intervals so that the measure-
is an inflow or outflow. While the probe itself is inexpensive, ment errors due to stratification effects can be minimized. In
each pressure measurement channel is rather expensive. The exhaust duct, the measurements should be made at a
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location at which the flow is well mixed. Another possible tubing material and concentration losses, typically occurring
optical smoke measurement system design is based on aith hydrogen chloride48 and 49. This information, along
incandescent light sourc@6). In selecting a system, it is with that from a combustible products gas meter, can yield the
important to understand the nature of the measurement errorate of fuel production and degree of combustion. Levels of
associated with i€47). carbon monoxide (CO), hydrogen chloride (HCI), hydrogen
6.5.7.2 Changes in the intensity of a well-collimated lightcyanide (HCN), and nitrogen oxides (NOaccount for the
beam that may extend from floor to ceiling, pass horizontallycommon toxic gas concentration components. The presence of
across the room or doorway, or be limited to a few inches ira complex gas or gases that may be highly toxic in trace
length are used to measure the smoke. In choosing one or moaenounts requires the collection of grab samples that can be
path lengths for measurement, consideration should be given tmalyzed by mass spectrometry or gas chromatography, or
the normal tendency of smoke to stratify, particularly in theboth. Toxicity assessment may require bioassays and behav-
early stages of a fire. ioral studies of exposed laboratory animals (see 6.5.9).
6.5.7.3 Deposition of soot within the optics is one of the 6.5.8.4 Oxygen concentrations are measured continuously
large sources of error in smoke measurements. This can lwith meters that respond to the paramagnetic properties of
overcome by providing a gentle flow of forced air to purge theoxygen or with electrochemical cells, by a polarographic
system. method.
6.5.8 Gas Concentrations 6.5.8.5 Nondispersive infrared instruments are the most
6.5.8.1 Sampling probes should be located with the holesommon technique used for recording the levels of carbon
facing downstream, away from the inlet, to avoid clogging themonoxide, carbon dioxide, and water continuously.
holes with soot. The recommended designs of gas sampling 6.5.8.6 Measurements of water concentrations require
probes are a ring sampler, such as that used in Test Methdaated filters, heated sampling lines, heated pumps, and heated
E 1537 or Test Method E 1590 (which also contains overalkells in the analyzers, to avoid condensation. Moreover, it is
construction details), or a straight tube crossing the ductore difficult to calibrate water analyzers than other analyzers.
section, such as the recommended design in ISO 9705. This can be solved with special calibration gases, but different
6.5.8.2 The measurement of oxygen is used to determine ttaalibration gases may be necessary for different analyzers. The
rate of heat release in conjunction with the flow rate of smokeneasurement of water concentrations should be restricted to
(see 6.5.2). Measurements of carbon dioxide, carbon monoxspecial circumstances, because of the experimental difficulties
ide, and water concentrations in the outgoing smoke can aid imvolved.
the precision of calculations of rate of heat production in the 6.5.8.7 Gas sampling tubes that change color when samples
room, for analysis of smoke toxicity and as indicators ofof specific gases are drawn through them can be used to
combustion completeness. determine the approximate concentrations of a large number of
6.5.8.3 For condensable combustion gases, heated samplingmbustion products, including carbon monoxide, carbon di-
lines (150 to 175°C) should be used, to minimize losse®xide, HCI, HCN, and NQ These gas sampling tubes gener-
through deposition. This includes many gases, except foally have very low precision and should only be used as a
carbon monoxide, carbon dioxide, and oxygen, notably hydrorough guide. Comprehensive methods for measurement are
gen chloride (HCI), hydrogen cyanide (HCN), acrolein, am-provided in Guide E 800.
monia, unburnt hydrocarbons, and water. The length of sam- 6.5.9 Toxicity.
pling lines should be kept to a minimum and made from 6.5.9.1 The toxic potency of smoke is a quantitative expres-
non-reactive materials (for example, polytetrafluoroethylene)sion that relates smoke concentration and exposure time (that
This inhibits the reactivity of the combustion products with theis, the exposure dose) to a certain adverse effect, on exposure
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of a test animal; the effect is usually lethality. The toxicity of (50-54) discuss the significance of these measurements. In a
smoke is a function of its composition, which, in turn, is similar fashion, incapacitation measures (for example, ap) IC
dependent both on the material being burnt and the way ican also be made.
which it is burnt. Thus, as the composition of the smoke 6.5.9.8 Anumber of toxic gases decrease their concentration
generated from the same material in different tests can varin fires by virtue of reactions with surfaces (for example,
broadly, so will its toxic potency. It must be stressed that thewalls), with the most notable example being hydrogen chloride
toxic potency of smoke is also heavily dependent on thg55, 56)
conditions under which the smoke has been generated, since6.5.9.9 The propensity for smoke (or combustion products)
the mode of generation will affect both the amount and type ofrom any material or product to have the same effects on
combustion products being generated by the burning of angiumans in fire situations as the effect it has on rats is only
material. inferable to the extent that the rat is correlated with humans as
6.5.9.2 Chemical analysis of smoke thus does not yield a biological system.
comprehensive evaluation of all of the components in smoke. 6.5.10 Selection and Location of Instrumentation
However, the toxicity of the smoke from the majority of 6.5.10.1 The large array of instrumentation described in this
common materials is usually described adequately by measurguide is expensive. Thus, for research and development or
ment of the concentrations of a very small number of indi-demonstration experiments, some subset of instrumentation is
vidual toxicants. The most important of those are the carbotikely to be used. The selection of such a subset should be made
oxides (carbon monoxide and carbon dioxide) and low oxygeso as to satisfy the objectives of the experiment. However, a
(which are present in all fires) and other gases such aminimum amount of instrumentation is essential, even in a
hydrogen cyanide, hydrogen chloride, hydrogen bromide, andesearch experiment, so as to obtain data for the energy balance
acrolein(50-54) calculations necessary to adequately assess fire growth. These
6.5.9.3 For some materials (very few), it has been showisame measurements are necessary to establish exposure con-
that smoke toxicity is not well represented by the simpleditions for fire-test-response standards for ignition, flame
method described in 6.5.9.2. In that case, an adequate evalugpread or heat release. In a single room test, only one vent is
tion of smoke toxicity requires the use of laboratory animals.necessary from which to measure the release rate. Appropriate
6.5.9.4 If laboratory test animals are used in room firelocations for vent include the doorway and a window. In a
experiments, place the animals within or near the compartmenfulti-room facility, one appropriate site for measurements is
Extract the smoke at a measuring point in the fire room andhe end of an adjoining corridor, where the effluents are
cool the smoke stream before exposing the animals, to avoidirected. It is necessary to have data acquisition equipment,
subjecting them to heat stress. If the smoke is cooled, th@hich can obtain data at intervals no longerrtias (at least
airborne concentration of those combustion products that decdy) the periods of high activity), including an analog/digital
in fire atmospheres (for example water soluble gases and solfgPnverter and a computer that scans test activity. Details of
particles) will decreas¢7, 8) (see also 6.2.2.3 and 6.5.9.8). mstru_mentguon reqw_r(_ad for particular materials or products
Thus, cooling the smoke is likely to result in a mixture of &re given in the specific test methods.
combustion products which is more representative of smoke at 6-5.10.2 Arecommended set of measurements for a research
a location remote from the fire. It is also advisable to return theé&xperiment includes the following:
smoke to the fire room, after animal exposure, to retain the (1) Oxygen concentration in the exhaust duct, to determine
original fire room environment. heat release (rates and amounts).
6.5.9.5 It is recommended that certain physiological char- (2) Burning rate of the item (or items) being tested, for
acteristics of the animals be monitored, as well as determinin§*xample, by measuring their mass loss rate.
the end point, which is usually lethality. Measurements that (3) Burning rate of the ignition source.
have been conducted include blood concentrations of carboxy- (4) Flame spread rates on objects or wall surfaces.
hemoglobin, oxyhemoglobin and total hemoglobin, blood pres-  (5) Smoke obscuration measurements in the exhaust duct.
sure, respiration rate, heartbeat rate, body temperature, and (6) Carbon dioxide and carbon monoxide concentrations of
brain activity. gas in the exhaust duct.
6.5.9.6 Gas analyses for carbon monoxide, carbon dioxide, (7) Continuous measurements of mass of any items being
oxygen, and halogen acids (typically HCI) are usually con-tested.
ducted at various sampling points, animal chambers, and the 6.5.10.3 Other important measurements include the follow-
test room. The gas analysis data can be used to calculate tig:
fractional effective dose (FED) of toxicity in the smoke. This (1) Vertical air temperature profiles in the doorway and
method evaluates the combined effect of selected primargenter of the room.
gases on humans and animals. (2) Surface temperature at the center of the ceiling and
6.5.9.7 A complement to the chemical analysis of smoke igipper half of the walls.
the measurement of toxic potency. The concentration of smoke (3) Total heat flux measurements at the center of the floor,
(kg/m®) required to kill 50 % of the animals is the toxic on the wall surface above the ignition source, and near the
potency measure, or L& Animals are preselected for mortal- center of the ceiling.
ity studies; hereby, mortality is not only observed during the  (4) Vertical air flow rates in the doorwaf45).
test but for 14 days after exposure as well. Several authors (5) Upper layer height.
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(6) Surface temperatures of target items. places. Once all of these preparations have been made and just
(7) Heat flux to target objects. prior to ignition, the experiment site should be safety checked
(8) Ignition times of target objects. to verify that all extraneous materials have been removed from
(9) Gas concentrations. the fire area, especially materials that could add fuel to the fire
6.5.10.4 Some measurements in the test room may alsar cause tripping accidents during subsequent operations. A

yield useful information. Examples are as follows: safety checklist should be prepared and used to ensure that all
(1) Carbon dioxide and carbon monoxide concentrations ogafety procedures are followed properly.

the gas 0.025 m [1 in.] below the top of the doorway. 7.1.1.3 Careful consideration should be given to the electri-
(2) Smoke measurements in the center of the room angdg| aspects of the experiment instrumentation and wiring.

doorway. . . Wiring of the appropriate temperature rating should be used.
(3) Temperature measurements at various locations. Electrical circuitry is necessarily extensive in such an experi-

6.5.10.5 The foregoing measurements should be provideghanta| arrangement, and care must be taken to avoid patch-
with time-tracked, photographic, or video coverage and withyork systems. In large projects, there is a tendency by some to
audio-recorded, visual observation of the fire as seen throughse recognized unsafe practices with the excuse that they are
the doorway. temporary and everybody knows about them. Separate electri-

16.5.10.6 Certification experiments and research experiments,| circuits should be dedicated to each major phase of the
aimed at the development of materials might be limited tOgyperiment. Electrical service to the test room should be

temperature measurements with photographic and visual oRyajyated with special consideration for needs during extin-
servation. guishment of fire.

6.6 Location of Instrumentatian 7.1.1.4 The use of flammable liquids for ignition fuels or for
6.6.1 The instrumentation in the exhaust duct should be. ‘7" " . " . d 9
. . iding the ignition of other fuels should be watched closely.
located in such a way that the combustion products are we .
) 4 . . here a large volume of gaseous fuel is used for the burner, a
mixed and that there is a nearly uniform flow velocity across .
. safety cutout device should be used to detect and cut off the
the duct cross section.

- . . . upply of fuel to the burner. For example, a combination of a
6.6.2 A minimum of six duct diameters is the recommende X
. : lame detector (flame rod) and a solenoid valve may be used for
distance of straight duct, downstream from the last turn, befor

placing any measuring instrument. A minimum of four duct is purpose. While it is not reasonable to prohibit the use of

. ; N certain materials in a research effort, a list might be prepared of
diameters is recommended after the last measuring instrumen . : R .
; materials, including indications of potential hazards and cau-
before placing any other fans or turns.

6.6.3 When flow velocity, smoke obscuration, and ga tions for their use. For example, one of the flammable liquids

. . Shat might be included in the list is heptane, a highly volatile
concentrations are measured, the recommended order in which . .

g . ) . . .. Substance that must be used with extreme caution. Heptane
the instrumentation is to be placed is as follows: velocity

measurements followed by gas concentrations (including ox evaporates rapidly and propagates fumes over floor surfaces,
gen, for heat release) and smoke obscuration. A suitabl\éVhiCh can be ignited easily, causing minor explosions. As such,
sepélration between the different instruments is 0_'3 m. all liquids must be stored in approved safety containers. Light

fuel oils can be used more safely since they volatilize slowly at

7. Procedure room temperatures; however, they are smoky. Absolute ethyl
7.1 Safety Precautions alcohol volatilizes moderately, burns cleanly, and can be used
7.1.1 Prior to Experiment with relative safety. When such fuels are used for ignition, the

7.1.1.1 Prior to performing the experiment, safety piannind:oritainers should be removed from the experiment site prior to

should occur and safety preparations should be made. The locgf!tion.
fire department may be notified in advance. Technicians should 7.1.1.5 Prior to and during an experiment, it is important
be assigned in pairs and should have responsibility for onéghat one individual have full authority with respect to safety
another during the period of the experiment. The size of the firéonsiderations and experiment termination. This individual
and the fuel loading should be considered and the followinghould have the responsibility of reviewing the experiment
determinations maded) the primary and the backup method arrangement with respect to safety, as well as deploying
of extinguishment; 2) the expected toxic pyrolysis products personnel and reviewing the understanding of individual re-
and fire gases;3j the potential for an explosion caused by asponsibilities. Prior to the conduct of the experiment, consid-
buildup of flammable gases such as carbon monoxigjethe  eration should be given to means of controlling particulates and
most appropriate piace for Visiting observers and experimerﬁ)XiC gases in the outside enclosure. Experimental situations
personnei to be located; anﬁ) (the ventilation necessary to often generate considerable smoke, making V|S|b|||ty difﬁCU't,
remove toxic gases and limit the obscuration problem. and accidents can occur easily.

7.1.1.2 Extinguishment equipment, gas analyzers, protec- 7.1.2 During the Experimert-All experiment personnel
tive clothing, breathing apparatus, medical first aid, and venshould be in fire-retardant clothing with hard hats and safety
tilation equipment should be provided based on these determglasses. Observers should be in protective clothing commen-
nations. All observers and experiment personnel should bsurate with their proximity to the fire. The extinguishing team
provided with appropriate protective clothing and safety eyeshould be ready, clothed in turn-out-coats, self-contained
wear and should be briefed about the evacuation routébreathing apparatus, and fire helmets. All backup equipment
Properly lighted EXIT signs should be posted at appropriateshould be readily accessible. Toxic gases and potentially
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explosive gases should be monitored throughout the expereompartment just prior to the test. In addition, the moisture
ment. A continuous assessment of the fire damage should lmentent of the materials used should be recorded just prior to
made, with special attention given to any weakening of thehe test (follow the guidance in Test Methods D 4442 and
structure that could permit falling debris. D 4444).

7.1.3 After the Experiment 7.2.3 Data Recording

7.1.3.1 Extinguishment should begin as soon as possible 7.2.3.1 It is not necessary to scan the data continuously, but
after the necessary data are recorded. Electric power to iteniisshould be done at least every 15 s. If the system is variable,
within the compartment must be cut off prior to entry of thea more frequent scan may be required when rapid changes
extinguishing team. The primary extinguishing team shouldoccur. Computer data acquisition equipment is highly recom-
not engage the fire, however, until the backup equipment isnended in the conduct of room fire tests. The analog output of
charged and manned. All loose material should be pulled fronall transducers should be read, processed, stored converted to
the upper walls and overhead as the extinguishing crewligital output, and printed to screen eyes s for up to 50
approaches the fire. Forced ventilation should begin once thehannels of data and every 10 s for up to 100 channels. The
fire is extinguished completely. Known toxic gases should bescreen output serves as an on-the-spot reference of critical data.
monitored continuously from the very start of the experimentThe 60-Hz noise should be filtered simultaneously. Recogniz-
and up until their concentrations have returned to acceptabli@g that sharp peaks may be missed with this frequency of
limits. All enclosed experiment sites should also be monitorecchannel scanning, sophisticated equipment is available that is
for oxygen levels to preclude any oxygen starvation situationscapable of scanning 100 channels per second. Alternatively, a

7.1.3.2 No one should enter the experiment area after thiew (up to 10) selected channels may be read every second by
fire has been extinguished without a self-contained breathingne economical data acquisition system while another system
apparatus and protective clothing until the room is thoroughlys scanning all other channels @ 6 s orgreater interval.
ventilated. Melts of synthetic materials should be handled 7.2.3.2 If a computer data acquisition system as described in
carefully because of the possibility of retained heat and’.2.3.1 is used, strip chart recorders become optional backup
continuous generation of toxic products. The possible contamiequipment for data acquisition. Although it is far better to have
nation with toxic gases and skin irritants should be considered second computerized system for backup, in a practical sense,
for all materials taken from the experiment area. The experiit may not be feasible to have backup for every channel of data
ment site should be watched for at least 1 h, to ensure completeing collected by the computer system.
extinction of the fire. Unexpected fires may occur from piles of 7.2.4 The mass loss of objects and materials in the room
smoldering, hot, and charred debris. Post-experiment cleanwghould be collected using load cells sized appropriately for the
may be facilitated by the use of a suitable disposal material laidhass being measured. Care should be taken to protect the load
on the floor if such would not be expected to alter the outcomeell and electrical wiring from excessive heat and radiation.

of the experiment (see 6.2.3). These cells are highly temperature sensitive. Two other impor-
7.2 Observations and Data Gathering tant factors that should be addressed are buoyancy effects and
7.2.1 Observations signal noise. Signal noise can be reduced through electronic

7.2.1.1 The following critical times should be noted by anda@mping or left and dealt with by best curve fitting or
assigned observer during the tedd; ignition of each separate averaging the noise. Whllt_e it is possible tq re_ad the load cell
combustible item in the room, including wall, ceiling, floor, output manually, computerized data collection is recommended
furnishings, and combustible indicator panels, if use®) ( Nighly.
onset of flame passage through the doorway (flameover); and _
(3) sudden deformation or change in noncombustible items i§: Analysis and Use of Results
the room. 8.1 Criteria:

7.2.1.2 The flame spread rate on the walls and ceiling, 8.1.1 The criteria for evaluating the performance of the
maximum flame travel distance from the ignition source,finishing and furnishing materials of a room can be based both
height of the lower boundary of the smoke layer passing oubn what occurs within the room and what occurs outside of the
through the doorway, and degree of involvement of the variousoom. One key factor affecting occupants outside the room of
combustibles should also be noted periodically during thdire origin is the total energy released. This energy makes the
experiment. A grid premarked on the walls and ceiling willroom a heat pump that distributes smoke and hot gases
assist in estimating the flame spread rate. An audio recording ithroughout the building. When the room reaches flashover, the
real time is one of the most efficient methods of documentingpossibility of escape for the occupants in an adjacent area is
rapidly changing events. These observations should be backeéduced substantially. Considerations within the room may
up with video tape or photographic coverage whenever posnclude vertical temperature profiles, smoke and combustion
sible. gas species profiles, surface temperatures, heat flux levels

7.2.2 Ambient Conditions-Since the relative humidity of developed at the center of the floor, total rate of energy release,
the air and moisture in the experiment materials may affect thand time to flashover.
experiment results markedly, measurements of ambient humid- 8.1.2 Consequently, an important criterion is the elapsed
ity and air temperature should be made for at least 12 hime from ignition to flashover in the room. The ignition time
preceding the experiment. These ambient conditions should muld be defined as ignition of either the heat source or the
measured both within the compartment and outside of thepecimen.
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8.1.2.1 Flashover has been found to correlate reasonably 8.1.6 Another criterion that might be used is based on the
well with an average air temperature of 500 to 600°C measuretbtal amount or rate of smoke generated. The rate of smoke
100 mm below the ceiling, or above 600°C measured at the togeneration can be estimated from the optical density per meter
of the doorway(31). A more direct indication of flashover is (at the top of the doorway) times the volume flow of air from
provided by the radiant energy flux incident on the floor. Athe room. The dilution, coagulation, deposition, and stratifica-
level of 20 kw/nt at the center of the floor is indicative of tion of the smoke make analytical predictions of smoke
incipient flashover in the room. For some classes of productsoncentration at remote locations in the building difficult even
and certain fire scenarios, flame emergence from the doorwefgr a known smoke generation rate.
is well correlated to flashove(22). The most convincing  8.1.7 Optical density correlates well with visibility, and
indication of flashover can come from the ignition of raw hence it is a good performance criterion. The attenuation level
cotton fiber indicators or Crumpled newsprint. Consequently, Qelative to some arbitrary product is Certaimy a good perfor-
criterion that may be used in a room fire experiment could b@nance measure. On the other hand, attenuation levels mea-
the time to flashover. Flashover can be inferred from measuresyred in full-scale multi-compartment simulations could be
ments made by one or a combination of the followir):the  ysed to establish criteria at locations remote from the room of
thermocouples in the upper part of the roo2), 4 total heat fire origin.
flux gage at the center of the flooB)(the emergence of flames g 1 g Other criteria that might be used could be based on the
from the doorway (for some products), @) by the ignition of 416 of production or the concentration of certain species of
cotton indicators or a ball of crumpled newsprint. gases produced by the burning materials. This information
8.1.3 If the energy release rate produced during a room firgould be used in experiments of smoldering fires to ensure that
test is measured using oxygen consumption calorimetry (Rethe concentrations of specific gas species do not exceed
(38)), criteria can be based on the energy release rates producghability limits at critical locations within the room, such as
by the Ilnlng or furnishing materials, or both. Criteria based OnNthe elevation at which a person S|eeping in a chair could be
energy release rates can be tailored to ensure that only a giveiposed. For non-smoldering fires, the rate of production and
fraction of the energy required to produce room flashover igoncentration of gases could be used to assess the effects on
permitted. The following relationship can be used as amyilding occupants located outside the room of fire origin.
engineering approximation to determine the rate of heat releasgyiteria could be developed by comparison with the production
that will result in room flashove{22). rates of some arbitrary experimental materials. Another crite-
RHR=EXF XV (2)  rion could be to ensure that the concentrations of specific gases
or total smoke dose at selected locations outside the room of
fire origin do not exceed tenability limits. Tenability limits

where: ;
could also be observed for radiant heat (burns) and convected
RHR = rate of heat release (MW), " v ! (burns) v
- . . _ heat stress.

E = energy release per kg of combustion air (E =3.0 i

MJ/kg) 8.1.9 A more challenging approach would be to develop
= = fraction of maximum air flow into the room at the Criteria based on the likelihood of the safe evacuation of

onset of flashover (0.3 F < 0.5), occupants from the building. The multi-room fire scenario
\Y; = maximum air flow (kg/s) into the room following could be used to determine whether the time for detection of

flashover, the fire and the time for escape to an area of safety are adequate
\Y = 0.5 A\/H, with A=area of ventilation opening in view of the time for the development of untenable conditions

[m?], and (presented by high temperatures, poor visibility, or the pres-
H = height of ventilation opening (m). ence of toxic gases) within the building.

This expression permits the calculation of a range of values 8.1.10 Another criterion that could be useful is based on the
of rate of heat release sufficient to cause flashover in a roorpotential of post-flashover fire spread from one compartment to
whose floor area does not exceed 500 m another in multi-room scenarios. By measuring the temperature

8.1.4 The potential growth and spread of fire within therise on the unexposed sides of the walls of the room of fire
room of fire origin is another criterion that is useful for origin or measuring heat flux emitted by the unexposed sides of
determining the ease with which a major fire may develop. Thi¢hese walls, or both, one can gain a measure of the likelihood
criterion may be applied by evaluating the size of the ignitingof intercompartmental fire spread through the room walls.
source (whether a wood crib, waste container, or gas burne§hould the adjacent rooms be furnished, the same methodology
necessary to cause flashover or flame emergence from tk@s that outlined in 8.1.2.1 could also be used to determine
doorway for a specific test specimen. This requires multiplevhether flashover has occurred in rooms adjacent to the room
experiments to determine the size of the ignition sourceof fire origin.
required. 8.1.11 In summary, the time to flashover of the room, rate of

8.1.5 Another criterion that may be applied is based on ateat release by the room linings and contents, size of the
evaluation of the fire-damaged area for a fixed size of ignitiorignition source required to produce flashover of the room, rate
source (for example, equivalent to a 2.3-kg [5-Ib] wood crib)and total volume of smoke and combustion gases produced by
for the experiment specimen. The rate of fire growth can alsthe fire, and rate of room to room spread of fire, smoke, and
be documented photographically and used to develop criteriather toxic combustion products can all be used to develop
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criteria that can be useful for evaluating the fire performance irand fire hazard assessment using full-scale tests. Guide E 1355

the room experiment arrangement. is a good validation guide for fire models.
8.2 Analysis—The analysis of data on the room fire experi- 8-2.3 To provide input data for room fire models. Paragraph
ments can serve several purposes: 8.5.10 lists some of the properties that are helpful to modelers.

8.2.1 To relate the severity of the room fire experiment tOFuII—scaIe data are very important for developing empirical

the laboratorv-measured fire properties of the materials. This ‘models of fire behavior where a theoretical basis is lacking.
y ) prop ) . ' hese empirical estimates serve further to improve the models.
an attempt to establish empirical relationships that would

: 8.2.4 To evaluate materials and products when estimating

) ; Sleir fire performance, particularly those for which no adequate
methods currently in use or proposed for controlling theq,aterial property tests exist.

products to be used in the rooms.

8.2.2 To compare data obtained from room fire experiment§. Keywords
to results from room fire models. This comparison indicates the 9.1 burning characteristics; experiment design; flashover
strengths and weaknesses of the models. Studies by Benjanguide; full-scale test; guide; ignition; instrumentation; room
and Peacock57, 58)demonstrate the validation of fire models fire experiment; ventilation
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TABLE 1 Typical Thermal Property Values of Some Common Materials (to be Used for Guidance Only)

Note 1—The data provided in this table (Peacock, et al., NIST, 1994) defines one set of properties for common materials which are not well defined,
and are provided for approximate guidance only. The numbers listed within this table cannot be assumed to fully reflect the properties of all materials
within the generic class described. Data for common brick and clay brick were provided by the Brick Institute of America.

Materials, in. Thermz\;l/{/((?:rlld)uctlvny, Spe(f;?((;(gHﬁ;it, Df{;}f:%’ ’ Thickness, m Emissivity, (-)
Gypsum board, ¥z in. 0.16 900 790 0.013 0.9
Gypsum board, %s in. 0.16 900 790 0.016 0.9
Gypsum board, %4 in. 0.16 900 790 0.019 0.9
Gypsum wallboard, ranges 0.16-0.22 900-1047 790-400 0.024-0.050 0.90-0.97
Gypsum board, type X, % in. 0.14 900 770 0.016 0.9
Gypsum board, type X, 3 in. 0.22 1085 1680 0.076 0.9
Gypsum substrate, w. glass matte 0.16-0.04 900-720 790-10 0.024-0.050 0.9
Brick, common, 3 in. 0.72 921 1920 0.076 0.9
Clay brick, 3 in. 13 1004 2082 0.076 0.9
Fire brick 0.36 750 1040 0.113 0.8
Fire brick composite, range 0.17-0.36 1040 128-750 0.005-0.113 0.95
Concrete, normal weight, 6 in. 1.75 1000 2200 0.15 0.94
Cement mortar, 1 in. 0.72 780 1860 0.025 0.9
Glass plate, ¥4 in. 14 750 2500 0.006 0.1
Aluminum, pure, ¥s in. 231 1033 2702 0.003 0.9
Aluminum alloy 2064-T6, ¥ in. 186 1042 2770 0.003 0.9
Carbon steel, plain, ¥ in. 48 559 7854 0.003 0.9
Carbon steel, plain, sheet, %16 in. 48 559 7854 0.0015 0.9
Stainless steel 304, ¥s in. 19.8 557 7900 0.003 0.9
Plywood building board, ¥z in. 0.12 1215 545 0.013 0.9
Hardwood siding, %2 in. 0.094 1170 640 0.013 0.9
Hardboard, high density, %2 in. 0.15 1380 1010 0.013 0.9
Particle board, low density, %2 in. 0.078 1300 590 0.013 0.9
Particle board, high density, ¥z in. 0.17 1300 1000 0.013 0.9
Hardwoods (oak, maple), ¥ in. 0.16 1255 720 0.019 0.9
Softwoods (fir, pine), ¥4 in. 0.12 1380 510 0.019 0.9
Wood board, shredded, cemented, ¥z in. 0.087 1590 350 0.013 0.9
Sheathing, regular density, ¥z in. 0.055 1300 290 0.013 0.9
Ceremic (kaolin) fiber insulation 0.22 1047 128 0.116 0.97
Glass fiber insulation, 3-¥2 in. 0.04 720 105 0.088 0.9
Glass fiber, organic bonded, ¥z in. 0.036 795 105 0.013 0.9
Glass fiber, poured or blown, ¥z in. 0.043 835 16 0.013 0.9
Glass fiber, coated, duct liner, ¥z in. 0.038 835 32 0.013 0.9
Acoustic tile, ¥2 in. 0.058 1340 290 0.013 0.9
Vermiculite flakes, %2 in. 0.068 835 80 0.006 0.9
Urethane insulation, rigid foam, %z in. 0.026 1045 70 0.013 0.9
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