David Purser
The assessment of fire hazards, tenability and human
evacuation behaviour for fire safety engineering design
Erasmus Mundus Programme

Yields of toxic products and smoke
in fires — use and misuse of small-
scale tests

Prof. David Purser
Hartford Environmental Research,Hatfield UK.

Brandteknik och riskhantering
Lunds Tekniska Hogskola, Sverige

Thursday 14t April 2011

David Purser  Toxicity tests and toxic hazard

Is it realistic to classify reaction-to-fire properties of a material or product (such
as ignitability, heat release and flame spread) using small-scale tests?

Up to a point YES because these small-scale tests measure relatively
fundamental properties of materials and products operating at any scale that
can be used to predict full-scale fire behaviour

Is it realistic to represent “toxicity” or toxic hazard of a material or product in
terms of a single number generated using a small-scale combustion toxicity
test?

NO because:
« Toxic hazard is a property of a full-scale system depending upon the time-
varying dynamics of fire growth and effluent spread in specific fire scenarios
« Toxicity involves a time varying set of different physiological effects
« Yields of toxic species and hence toxicity from any material or products are
variables which depend upon the combustion conditions.
(decomposition conditions in existing toxicity test methods give a poor
representation of those in any full-scale fire)
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Bench-scale “toxicity” tests

None of these produce combustion
conditions relevant to actual defined
fire conditions

Cannot measure yields as a function
of equivalence ratio

Do not measure decomposition mode
(flaming or non-flaming)

Do not measure “upper layer”
temperature

NES 713 1SO Smoke chamber All use simplistic toxicity index
== = Static boxes result in losses to walls

NFX 70-100 tube furnace — decomposes 1g and collect
gases

David Purser Simplistic toxicity test index

Table B.1 BS 6853-1 — IDLH values
Gases IDLH values: “Immediately dangerous to life or health” after 30 minutes

p.p-m. mgm-3
Carbon dioxide 40 000 73 000
Carbon monoxide 1200 1400
Hydrogen fluoride 30 25
Hydrogen chloride 50 76
Hydrogen bromide 30 101
Hydrogen cyanide 50 56
Nitrogen dioxide + Nitric oxide 20 38
Sulfur dioxide 100 270
Individual gases expressed as fractions of limit concentration then summed to find overall

index

Does relate to effects in humans

Does not take into account development time of effects — not time-based

Does not take into account realistic interactions between gases

No relationship between test decomposition conditions and specific fire conditions
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Toxic fire hazards
Toxic hazard evaluation for buildings or products:

1. Time-concentration curves for major products in full-scale scenario
which depends on:

— Fire growth curve (mass loss rate of fuel [kg/s])
Cone calorimeter, SBI, large-scale test, heat of gasification, heat of
combustion

— Yields of toxic products under a range of combustion conditions (e.g.
kg CO/kg material burned)
ISO TS19700 tube furnace, ASTM E2058 flammability apparatus
Input data into CFAST or FDS to calculate time concentration curves for
different specific fire scenarios with specified boundary conditions
2. Physiological effects of the products
exposure concentrations [kg.m-3] or exposure doses [kg.m-3.min] required
to cause toxic effects in terms of :
— concentrations or doses likely to impair escape efficiency
— incapacitating exposure concentrations or doses
— lethal exposure concentrations or doses
Physiological FED methods in ISO 13571, Purser SFPE Handbook, BS7899-2
Combine 1 and 2 to calculate time to i itation
Compare with specified ble tenability time for the end use scenario

David Purser For evaluating building design scenarios or
testing products

« Fire effluent toxicity: a set of physiological effects occurring over different
time-scales: concentration-related (smoke and irritants) or dose-related
(asphyxiants and heat)

« Toxic hazard is a property of a full-scale system depending upon the time-
varying dynamics of fire growth and effluent spread in specific fire scenarios

« Toxic product yields vary considerably with combustion conditions

« “Toxicity” cannot be represented by a single number from a small-scale

toxicity test.

Rather, toxic hazards should be expressed in terms to tenability times in end-

use scenarios, measured or calculated using full-scale tests, or fire dynamics

modelling and test data, combined with physiological tenability algorithms

« This approach is used for performance-based building design and could be
developed to test products against standard end-use performance criteria




David Purser Factory Mutual ASTM E2058 fire propation apparatus

Bench-scale methods enabling toxic product yields to be
measured as a function of equivalence ratio

David Pur§g&7990 _ |SO/IEC TS19700 Tube Furnace
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Toxic product yields in fires

There are thus three basic ways of using yield data for hazard calculations:
« Use a simple generic constant for smoke and each toxic product
« Use different generic constants for different basic types of fire condition:
— Non-flaming
— Early well-ventilated
— Pre-flashover vitiated
— Post-flashover
« Use different generic constants for different classes of materials under
different fire conditions
« Use an expression to calculate yields for different material classes (or
individual materials) as a function of equivalence ratio with time during
the fire. For this it is necessary to obtain the calculation expressions
derived from experimental data and to calculate global equivalence ration
(phi) with time during the fire.
« A more complex method used in conjunction with CFD modelling is to
use chemical kinetics equations to calculate product formation.
The method of choice depends upon the sensitivity of the results to the
approximations used, and the accuracy of the other stages in the
calculation — such as the fire growth rate.

French NFX tube furnace

« Full apparatus
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« Of limited use as
combustion conditions
poorly defined

14 Gos anazer

Figure 7 — Schematic of the French tube fumace.
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Bench-scale “toxicity” tests

— — NES 713 — simple box with sample
placed above a Bunsen burner

NES 713

David Purser e
Bench-scale “toxicity” tests

Originally a smoke density test now
Used by IMO and Airbus as a toxicity
test — and being developed by
ISO/SC1 for use as a “toxicity” test
using FTIR gas measurements,

Sample is heated with Cone heater
and products dispersed in static box
« no control or definition of
combustion conditions

+ no mixing of gases so measured
concentrations cannot be used to
assess yields

« Poor representation of full-scale fire
conditions

«Static chamber so serious losses of
gases to walls

ISO Smoke chamber
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ISO smoke box David Purser

NBS toxicity test

«Sample dropped into crucible
under non-flaming and flaming

T o ASE=3 decomposition conditions
£ © «Products evolved into static box
[e¥e%eYoTeYorn . so losses on walls

« Combustion conditions not well
defined but more or less well-
ventilated flaming

« No longer used but extensive
database of rat lethality data
coupled with gas measurements
so useful for development of toxic
gas interaction models

Figure 1— Schematic of the Cup Furnace smoke
toxicity apparstus.

This physical fire model is used in ISO 5659-2 [20] and NFPA 270 [21]. It was designed to
generate smoke optical density and toxic gas concentration data for qualification of materials.

‘ David Purser Development of improved model

David PurseiCone calorimeter and vitiated cone

«Sample as small disc irradiated
from above. Gases rise through
cone heater and drawn through
duct.

«Sample as small strip irradiated
from above. Gases rise through
slit into closed chamber.

+ Non-flaming and flaming

+Non-flaming and flaming
decomposition conditions

decomposition conditions
«Products evolved into static box

«Products carried through steel
so losses on walls

duct so losses on walls and
« Combustion conditions not well heavily diluted
defined but more or less well-

+ Main combustion condition is
ventilated flaming

extremely well-ventilated fire
case

_ - - . « Not currently used but extensive

Figure 2 — Photograph of the NFPA 269 apparatus.

database of rat lethality data
coupled with gas measurements
so useful for development of toxic

gas interaction models

For vitiated case a chimney is placed above the cone so during early
stages combustion conditions can be defined in terms of phi. As heat
release rate increases flames pass from top of chimney so that
secondary combustion results in well-ventilated flaming

« Vitiated Cone version has Cone
heater mounted above a box
through which Air-N, mixture is
passed.
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University of Pittsburgh test

Figure § — Schomatic of the University of Pittsburgh furnace.

« Another crucible method widely used in the 1970's with mice

« Data of very little value since combustion conditions are not defined and
change throughout the test and there are few analytical data for gases
available
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Figure 6 — Schematic of the DIN furnace.

German DIN 53436 method

+ Moving tube furnace
method early pre-
cursor to ISO 19700
method.

« Some limited rat
lethality and analytical
data available

« Combustion
conditions poorly
defined so of limited
use for yield estimated
in relation to full-scale
fires

*Method still used
sometimes in Europe
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Japanese toxicity apparatus

* Another static box
method of limited
relevance to fire
conditions

+Exposes mice on a
treadmill

Figure 12 — Schematic of the Japanese smoke toxicity apparatus.

David Purser Syrface irradiation of total combustion?

In all these tests there are two main ways to heat the sample — either by irradiation
from above or all round heating of whole sample

For a homogeneous material it doesn’t matter but for a layered composite such as
a kitchen worktop or an armchair the initial decomposition (approximately the first
1-2 minutes or a flaming fires) both in surface irradiation tests such as the Cone
Calorimeter and full-scale fires is of the upper layer.

Once the fire has grown and is spreading sufficiently to be serious the burning
object is more totally involved, so that in the middle of the fire the inner layers are
exposed while at the edges new surface material is burning. Later on the whole
item is likely to be fully involved.

For this reason it is proposed that a method combusting the whole sample
provides the best indication of likely toxic gas yields after a fire grown to a

sufficient size to be hazardous. Centre region
Outer region involving
involving combustion of
combustion of inner layers
surface layer

David Purser Fire Classiﬁca_lfion-BS7899-2(1999) and ISO
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Applications of tube furnace data
Fire model - A small scale combustion apparatus which decomposes
materials and products so that the yields of toxic products can be
measured

Yield data can be used as input data for full-scale fire model

FED model used to calculate time to incapacitation of exposed human
subjects.

Alternatively: Rodent Lethal FED Toxic potency calculation model can
be used to calculate LCy, concentration of gas mixtures for rats. If rats
are exposed to the atmosphere from the fire model at the same time it
is possible to determine the extent to which the observed toxic effects
from different materials can be explained in terms of the measured
gases.

This is useful to determine if different materials produce any toxic gases
other than the small number of common gases considered important.
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ISO 19700 tube
furnace

David Purser Data:Oxygen and temperature in
v furnace;CO,, CO, other gases and
———— smoke in chamber

The ISO 19700 Tube Furnace

Oxygen probe and thermocouple

secondary air supply

exhaust gases
= . .
' Toxic gas prob primary air supply
0 movement of
. sample into

smoke sensor | Effluent furnace

dilution

chamber

Furnace
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Formation of an upper layer in the ISO Furnace
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teady state burning in the Purser

Furnace

exhaust gases q\ secondary air supply
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detector
sample

chamber

Furnace Temperature

Ignition temp

David Purser Combustion profile for PMMA -
vitiated flaming conditions
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Apparatus variables
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David Purser David Purser Derived and measured
parameters

Fire decomposition conditions replicated by the Purser
Furnace method

« Non-flaming/smouldering decomposition
« Well ventilated flaming decomposition
« Vitiated flaming decomposition

«Small vitiated fires in enclosed spaces

«Post-flashover vitiated fires in large or open enclosures

* Mass charge concentration (mg/l)

* Mass loss concentration (mg/l)

* CO,/CO ratio (Volume ratio)
* Oxygen consumed (g/e)

* Mass loss / oxygen ratio (g/g)

* Yields of smoke and gases

(g/8)
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Yields of toxic products in full-scale fires and small
scale tests: dependency on ¢ the equivalence ratio

Although flaming fires can be classified into the general types
defined by ISO SC3, in practice the yields of toxic products
including CO and CO, vary continuously depending upon the
fuel/air ratio in the fire plume

For common hydrocarbon fuels and common polymers (non-fire
retarded) the relationship between ¢ and yields of products such
as CO have been plotted using a range of large scale and small
scale fire tests (Pitts, Beyler, Gottuk, Tewarson)

For the tube furnace test, it is possible to express the results in
terms of ¢

The advantages are that all polymers can be compared on a
common fundamental basis and data from the tube furnace can be
compared to the results from large scale fires.
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Test results
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David Purser Summary of toxic potency estimations

1120
100]
[80)
g " .
=
'_r:;; 160]
E\
40}
7 -
[ " | wood LDPE LSF PVC

David Purser

Effect of § on LC.,

- ' g . . .
- o
.
- .
]
(1] [T w " [T - L L]

e e et
. P

PMVA @12 and 10% 02

polyamice
polyamide @12 and 10% 02
o Veiou farc

PU foam





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


