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1.0 12URPOS~E 

This evaluation Iwill review the self-ignition temperatures of Indian 
Point No. 3 cables, that penetrate fire barrier penetration seals.  
The evaluation will demonstrate that the self ignition teI'peratures 
of these cables are sufficiently above 700'F where the fire seal 
qualification test resul~s indicated-an unexposed side temperature 
of greater than 250'F plus ambient (-325'F), but below 700 0F. Seven 
hundred degrees Fahrenheit (700 0 F) represents the maximum allowed 
unexposed side interface and penetrating items temperature identified 
in the fire test review methodology (ENG-527, Evaluation No. 5., 
Attachment 6.3). The fire test review methodology was used for 
reviewing fire seal qualification tests against actual IP3 fire seal 
designs.  

2.0 REFRENCE.S 

2.1 ASTM D470-1959T, Tests for Rubber and Thermal Plastic Insulated Wire 
and Cable.  

2.2 ASTM E119-1976, Fire Test of Building Construction and Materials.  

2.3 ASTM E814-1981, Fire Tests of Through-Penetration Fire St ops.  

2.4 Branch Technical Position (BTP) APCSB 9.5-1, Guidelines for Fire.  

Protection for Nuclear Power Plants, dated may 1, 1976.  

2.5 CASP V; IP3 Conduit &Cable Schedule, report dated November 11, 1994.  

2.6 EPRI Report NP-1200; Categorization of Cable Flanmmability Part 1: 
Laboratory Evaluation of Cable Flammiability Parameters, dated October 
1979.  

2.7 EPRI Report NP-1630; Categorization of Cable 'Flammability, Detection 
of Smoldering and Flaming Cable Fires, dated November 1980.  

2.8 EPRI Report NP-1767; A Study of Damageability of Electrical Cables 
in Simulated Fire Environments, dated May 1981.  

2.9 EPRI Report NP-1881; Ca tegorization of Cable Flammability, 
Intermediate- Scale Fire Tests of Cable Tray Installations, dated 
August 1982.  

2.10 EPRI Report NP-7332; Design Guide for Fire Protection of Grouped 
Electrical Cables, dated May 1991.  

2.11 FMRC Report J.I.OM2El.RC; Electrical Cables -Evaluation of Fire 
Propagation Behavior and Development of Small-Scale Test Protocol, 
dated January 1989.  

2.12 IEEE Std. 383-1978, IEEE Standard for Type Test of Class IE 
Electrical Cables, Field Splices, Connections for Nuclear Power
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Generating Stations.  

2.13 IEEE Std. 634-1978, Cable Penetration Firestop Qualification Test.  

2.14 NRC Letter dated June 1, 1978 regarding Staff Position P4, Cable 
Penetration Firestops.  

2.15 NRC letter dated December 14,, 1993 transmitting NRC Region I 
Inspection 50-286/93.-24.  

2.16 Nuclear Regulation (NuReg) 0800; Branch Technical Position (BTP) CMEB 
9.5-1, Revision 2, Guidelines for Fire Protection for Nuclear Power 
Plants, dated July 1981.  

2.17 National Fire Protection Handbook (NFPA) Fire -Protection Handbook, 
17th edition.  

2.18 Society of Fire Protection Engineers (SFPE) Handbook of Fire 
Protection Engineering, 2nd edition. N4ote: The 2nd edition has not 
been distributed for public use as of this writing; a copy of the 
galley proof has been attached to this evaluation.  

2.19 US Department of Transportation Report No. UMTA-MA-06-0025-83-6; 
.Combustibility of Electrical Wire and Cable for Rail Rapid Transit 
Systems, Volume 1: Flammability, dated May 1983.  

2.20 FMRC Report J.I.0G3R9.RC; Small Scale Testing of Flame-Retardant 
Coated Cables,'dated June 1982..  

2.21 NRC letter dated February 2, 1984 transmitting*Appendix R SER.  

2.22 Fundamentals of Heat !and Mass Transfer, John Wiley & Sons, 3rd 
edition.  

2.23 Marks Standard Handbook for Mechanical Engineers, 9th edition.  

2.24 Symposium Series 599, Fire and Polymers II, Materials and Tests for 
Hazard Prevention, 1995, American Chemical Society, Washington, D.C.  
Note ': This publication has not been distributed for public use as of 
this writing. A copy of the chapter submitted for publication is 
attached to this evaluation.  

3.0 BAKRON 

3.1 Initial Fire Seal Qualification 

Fire barrier penetration seals are installed with the intent that 
they remain in place and retain their integrity when subjected to an 
exposure fire and subsequently, a fire suppression agent. Silicone 
foam and silicone elastomer comprise the. two principal types of 
penetration fire seals used at IP3. Results of eight separate fire 
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tests have been used to evaluate the silicone foam and silicone 
elastomer designs for both-electrical and mechanical penetration fire 
seals. The results of. each of these tests are summarized in 
Attachment 6.5.  

The review methodology utilized for comparing 1P3.fire seal designs 
against generic fire seal qualification tests allowed an unexposed' 
side penetrant interface temperature greater than 250OF plus ambient 
(z3250F) but less than 7000F. If the generic fire seal designs had 
an unexposed side temperature less than 7000OF, the temperatures were 
assumed to be sufficiently below the self-ignition temperatures of 
the cables used at 1P3. This was based on the qualification fire 
testing which typically evaluated worst case cable construction in 
its tested fire seal configurations.  

3.2 NRC Inspection 93-24 

During NRC Inspection 93-24 (Reference 2 .15), an inspector noted that 
the fire test review methodology (ENG-527, Evaluation No. 5) which 
was used for reviewing qualification tests for fire seal designs, 
allowed a maximum unexposed surface temperature of 700 0F. The 
inspector additionally noted that 700'F was considerably higher than 
the 250OF plus ambient (=325'F) unexposed surface temperature 
identified by the staff and recognized by fire test standard-ASTM 
E119 (Reference 2.2).  

The inspector was informed that the allowance for 700OF was 
acceptable based on Staff Position P4 (Reference 2.14) and industry 
standards IEEE 634 (Reference 2.13) and ASTM E814 (Reference 2.3).  
The inspector stated that the allowance for 700'F in Staff Position 
P4 was based on self-ignition temperatures. The inspector questioned 
the 1P3 fire test review methodology because it did not consider 
whether the self-ignition temperatures of 1P3 cables are sufficiently 
above 700 0F.  

ENG-527, Evaluation No. 5 was revised to document a review of the 
maximum allowable unexposed side temperature and provide reasonable 
assurance that the minimum self-ignition temperatures of cables used 
at IP3 were above 700'F.. This assurance was based. on the cable 
testing and the quality assurance re .quirements that had been imposed 
at the time of cable purchasing. These requirements included a fire 
and heat resistance test commonly referred to as the Con Ed Bon-Fire 
Test (Attachment 6.1).  

This qualitative review was performed and made available for the 
inspector during Inspection 93-24. However, the inspector requested 
that NYPA obtain the cable insulation ignition temperatures for each 
of the cable types that penetrate a fire barrier penetration fire 
seal, where qualification test results indicated an unexposed side 
temperature greater than 250'F plus ambient. This request was 
formally issued by the NRC as Unresolved Item (URI) 93-24-03.  

3.3 Initial Resvonse to URI 93-24-03

Page-3 of *25
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Revision 0 of this evaluation reviewed the self-ignition temperatures 
of cables used at 1P3 by using generic cable flammability test data 
published in EPRI Reports NP-1200 -(Reference 2.6) and NP-7332 
(Reference 2.10). The review was performed by comparing cables of 
similar construction and. jacketing to the piloted ignition 
temperatures of those tested. The reports were based on flammability 
studies performed by the Factory Mutual Research Corporation (FMRC) 
of Norwood, MA in the late 1970's and early 1980's.  

3.4 EPRI Studies 

In 1979, EPRI initiated a study program (EPRI Project 1165-1) to 
categorize cable flammability in terms of: 1) flammability. of cable; 
2) detection of combustion in cable tray installations; and 3) fire 
protection (sprinklers) for cable tray install-ations. EPRI Report 
NP-1200 documented the results of the first part of the research.  
EPRI Reports NP-1630 (Reference 2.77) and NP-1881 (Reference 2.9) 
documented the results of the second and third parts of the research.  
The second and third parts *of the pro'gram referenced the original 
study (EPRI Report NP-1200) for cable ignition temperatures and 
relative combustibility of various cable materials. These follow-on 
studies did not develop completely new flammability data, but did 
serve to build on earlier results. The studies served to confirm the 
results of the small scale (laboratory) testing of EPRI Report NP
1200 with regards to the relative combustibility of these materials.  

EPRI Report NP-1200 published the results of the behavior of cable 
samples in terms of individual flammability parameters. As part of 
these investigations, the ignition/flame spread parameter for various 
cables was determined. The ignition/flame spread parameter consists 
of: 1) critical heat flux or temperature at or below which-ignition 
of cable samples cannot be achieved (q*%)# and 2) effective energy 
associated with maintaining a flammable cable sample vapor/air, 
mixture near the surface (Eeif). EPRI Report NP-1200, Table 5-1 
provides a summary of piloted ignition parameters for various cable 
test samples.  

EPRI Report NP-1200 concluded, in general, high values of critical 
heat flux (or critical temperature) and effective energy correspond 
to low values of ignition/flame spread parameter. Correspondingly, 
the' lower the value of ignition/flame spread parameter the more 
difficult is ignition and the lower is the expected surface flame 
spread rate. The ignition/flame spread parameter is defined as the 
ratio of the net heat flux received by the cable sample to the 
effective energy associated with maintaining a flammable vapor/air 
mixture near the surface.  

EPRI Report NP-1630 published the results of the 'study of detection 
of smoldering and flaming cable fires. EPRI Report NP-1881 provides 
the results of the behavior of cable tray fire (intermediate-scale) 
during free burn conditions. The laboratory-scale results of EPRI 
Report NP-1200 were used in the selection of cables used in the 
intermediate-scale tests. In addition, EPRI Report 1881 published
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the results of the application of water (as an extinguishing agent) 
on cable tray fires.  

3.5 NRC Review of Revision 0 

During the NRC staff review, of Revision 0 of this evaluation, it was 
noted by the reviewer that the results sumnmarized in EPRI Report NP
1881, Table 3-1, indicated a critical temperature for self-ignition 
of 5450K (5220F) for Cable Sample #5 (PE/PVC). The reviewer noted 
that this data appeared to be in conflict with test data that was 
cited under Section 4.3 of Revision 0 of this evaluation which 
compared cables used at 1P3 to a tested cable of similar construction 
and jacketing. Section 4.3 of Revision 0 of this evaluation cited 
test data in EPRI Report I1P-7332, Table 3.2 (Reference 2.10) which 
identified a critical heat flux of 13 kW/m 2 (critical temperature of 
approximately 785'F) for Cable Sample #3 (PVC/PVC). In addition, 
there was contention that cable samples could have a data scatter for 
ignition temperatures that could vary by as much as 2000F which could 
question the accuracy of relying on generic test data.  

3.6 Disnosition of NRC Concern 

in NYPA's review of the critical temperatures' of t he two relatively 
similar cable samples, it was noted that the data for Sample #5 (EPRI 
Report NP-1881, Table 3-1) indicated a critical temperature for auto
ignition that was approximately 440'F less than the critical 
temperature for piloted ignition. Auto-ignition temperature is by 
definition, the minimum temperature to which a substance must be 
heated for ignition and self-sustained combustion to occur without 
a pilot. Whereas, piloted ignition is by definition, the minimum 
temperature for ignition with the aide of a pilot and.self sustained 
combustion to occur. Based on these definitions, the auto-ignition 
temperature of any cable should always be equal to or greater than 
its piloted ignition temperature.  

Dr. A..Tewarson of FMRC, the Principal Investigator for the research 
documented in EPRI Report NP-1200, was contacted to discuss the 
perceived discrepancy (Attachment 6.4). Dr. Tewarson identified that 
the critical temperatures were in error due to assumptions and 
subsequent extrapolation of the test data. He stated that the auto
ignition temperature of a cable sample is not expected to be below 
its pioted ignition temperature, all things being equal. It was 
later noted by Dr. A Terwarson that this is because the oxidative 
pyrolysis is generally endothermic.  

EPRI-Report NP-1881, Table 3-1, contains the suimmary of results from 
earlier testing which was performed under Part I work of EPRI Project 
1165-1. -The test methodology and results were previously reported 
in EPRI Reports NP-1200 and.NP-1767. During a review of this 
critical temperature anomaly and a review of EPRI Reports NP-1200 and 
NP-1767, NYPA noted the same anomaly with another cable sample. In 
explaining the anomaly in EPRI Report NP-1767, Mr. Lee, the Principal 
Investigator of the tests and Dr. Tewarson theorized that the lower
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critical flux values could have been as a result of exothermic 
reactions occurring at the surface of the cable samples. This theory 
was later discussed with Dr. Terwarson who stated-that this theory 
has since been shown to be not applicable to the cables that were 
examined (i.e., PE/PVC).  

The test methodologies documented in EPRI Reports NP-1200 and NP-1767 
which were used to determine the 1critical heat flux values for 
piloted ignition and self-ignition, were essentially the same with 
the exception that the critical heat flux for auto-ignition which was 
determined without the use of a pilot. In both cases, the time to 
ignition of a cable sample was measured for several different values 
of external heat flux. The source of Ithe external heat flux was four 
(4) tungsten quartz radiative heaters. Interpretation of the-test 
data was accomplished by plotting the external heat flux against the 
inverse of the times to ignition. lExternal heat flux was plotted 
along the x-axis and the inverse of the time to ignition was plotted 
along the y-axis. Refer to Attachm!ent 6.9 for an example of this 
relationship. The arrangement of da' a for each sample tested, was 
fitted as a liner curve. (Note: The behavior of the curve was later 
found to be the source of inaccuracies as it was later found to be 
non-linear and follow a power of 'A asithe time to ignition approaches 
infinity. This was later corrected by taking increased data points 
near the critical heat flux value. IThis new understanding of the 
behavior of the curve coupled-with 'a better understanding of the 
behavior of cables as thermally thick/ thermally thin materials, is 
discussed below).  

In EPRI Reports NP-1200 and NP-1767, the critical heat flux was found 
by linearly extrapolating the linear 'curve to the external heat flux 
intercept (intercept of the x-axis) . The critical heat flux is 
defined as the heat flux at or below which no ignition could occur.  

The self-ignition- and piloted i .gnition critical temperatures were 
then estimated from the critical heat flux by using the Stefan-' 
Boltzmann Law, which relates the radiant heat flux to the surface 
temperature to the 4th power.  

In recent discussions with Dr . Tewarson (Attachment .6.6), NYFA was 
informed that the test methodology and subsequent interpretation of 
test data has been considerably refined since the earlier testing 
documented in EPRI Reports NP-1200 and NP-1767. Electrical cables 
behave as thermally thin materials close to the critical heat flux 
value (as time to ignition approaches infinity) and as thermally 
thick materials away from the critical heat flux value (as time to 
ignition approaches zero). Therefore, for an accurate determination 
of critical heat flux, several data points are measured near the x
axis to establish an accurate critical heat flux value. For 
determination of the Thermal Response Parameter (TRP), which is the 
ignition resistance of the cable, several data points are measured 
away from the critical heat flux value. This refined methodology, 
now in use, provides a technique to accurately measure critical heat 
flux and TRP.
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Revision 1



1P3-ANAL-FP-01392, Fire Seal Evaluation Rvso

The principle of thermally thin considers the influence of material 
density, specific heat, and material thickness and as-sumes a 
negligible temperature gradient between the surface of the cable 
sample and its interior. This 'relationship is expressed as: 

(1) 1/s z(q",ppj-q%)/pcp6ATig (Reference 2.24, Equation 3) 

Where: 

qapplied tpied radiative heat flux (kW/m 2) 
quo= critical heat flux (kW/m 2) 

p= material density (g/m3) 
CP= specific heat (kJ/g0 K) 
6= material thickness (in) 

ATi, difference between ignition temperature 
and initial surface temperature (OK) 

Note that pcp 6AT.g is defined as the TRP of a thermally thin material 
and has been shown by recent research (Reference 2.11) to be 
satisfied close to the critical heat flux as time to ignition 
approaches infinity.  

The principle of thermally thick considers the influence of thermal 
conductivity, material density and specific heat which results in a 
steep temperature gradient between the surface of the cable and its 
interior. This relationship is expressed as: 

(2) 1/s"/2 z(q",.jq")/(kpcp )1 2ATjg (Reference 2.24, Equation 2) 

Where: 
s =time (sec) 

q~aplied = applied radiative heat flux (kW/m 2) 
quo = critical heat flux (kW/m 2) 2 
k = thermal conductivity (kW/m) 
P = material density (g/m3 ) 

CP = specific heat (kJ/g0 K) 

AT10  = difference between ignition temperature 
and initial surface temperature (OK) 

Note that (kpc P )"'&Tg is def ined as the TRP of a thermally thick 
matril ndha benshon y ecntreeach Reernc 211it 

meatil and ha bee hown bye crtcent rearc (Referenctie 2.11 inton 

approaches zero.  

The potential influence of surface absorbtivity (a) was also 
cosdered to be more important in later research. Inacrne 

with the general theories of radiative heat transfer, the absorbed 
radiative heat flux is equal to the absorbtivity of the material 
multiplied by the applied radiative heat flux (i.e., assuming gray 
colored cable (a =0.85, Reference 2.23,.Figure 4.3.1) the absorbed 
heat flux would be approximately 85% of the applied heat flux).
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In later testing, the influence of absorbtivity was reduced by 
painting each cable sample flat black (a =0.98, Reference 2.22, 
Table A.12). Cable jackets Were painted flat black so as to more 
closely simulate the absorbtivity of a black body, which is equal to 
unity. Because the cable color in early tests, is not known, it is 
unclear to what extent absorbtivity affected the determined critical 
heat flux. However, it can be stated that values of absorbtivity of 
less than unity would render a. determined critical heat flux greater 
than actual.  

An FMRC test standard (Attachment 6.2) has since been developed to 
incorporate this refined methodology so as to ensure consistency of 
testing. Dr. 'Tewarson stated. that of all the recent testing of more 
than 300 cable samples that has-been performed, he has not seen a 
critical heat flux for piloted ignition (which is, as previously 
stated, higher than auto-ignition) for cables of below 10 kW/ M2 (or 

approximately 707'F).  

4.0 EVALUTATION 

4.1 IP3 Licensingr Basis 

Licensina Basis for Electrical Cables 

The licensing bas is for the flame resistant quality of cable covering 
and insulations is as follows: 

1. Standard Vertical Flame Test - performed in accordance with 
ASTM-D470-59T [Reference 2.1], Tests for Rubber and Thermal 
Plastic Insulated Wire and Cable.  

2. Five-Minute Vertical Flame Test - performed with cable held in 

vertical position and 1750OF flame applied for five minutes.  

3. Bonfire Test -Consisting of exposing, for five minutes, 
bundles of three or six cables to flame produced by igniting 
transformer oil in a 12-inch pail. The cable was supported 
horizontally over the center of the pail. The lowest cable was 
th-ree inches above the top of the pail., The time to ignite the 
cable and the time' the cable continued to flame after the fire 
was extinguished were noted.  

Discussion 

ASTM-D470-1959T, Tests for Rubber and Thermal Plastic Insulated Wire 
and Cable, was subsequently revised in 1971 (ASTM-D470-1971). While 
this standard is less restrictive than the requirements of Tests 2 
and 3, above, the cable procured by Consolidated Edison after 1971 
was qualified in accordance with the more stringent requirements of 
the Five-Minute Vertical Flame Test and the Bonfire Test.  

The licensing basis source for this is in the Consolidated Edison 
Company of New York, Inc., Indian Point Nuclear Generating Unit No.
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3, Final Facility Description and Safety Analysis Report (FSAR), 
Volume 3, page 8.2-8, dated November 1975. The licensing basis has 
remained unchanged since the original licensing basis, and appears 
in the current (1994)'Updated FSAR, page 8.2-8.  

The NRC's Branch Technical Position APCSB 9.5-1, Appendix A, Section 
8.46, recommended that electric cable at least passes the current 
IEEE No. 383 flame test. 'NYPA's response, submitted December 9, 
1976, described the cable tests as presented in-the Final Facility 
Description and Safety Analysis Report, and concluded, with the 
exception of instrument wires, that the tests performed on the cables 
are equivalent to the IEEE 383 flame test. The NRC-accepted this 
conclusion in Section 4.8 of the SER to Amendment No. 24, dated 
March 6, 1979. Section 4.8 states: 

KElectrical cables used in the plant were required to pass the ASTM
D470-1959T vertical flamne test, as well as -certain other tests 
developed by the licensee. The data indicate that the cables used 
will not burn vigorously under 'the test conditions used. We find 
that retest to the IEEE 383 criteria would not provide information 
that would change any of our recommendations or conclusions.  
Accordingly, we find the electrical cables used to be acceptable., 

NYPA's justification for excluding the instrument wiring from the 
IEEE 383 criteria, as explained in the December 9, 1976 submittal, 
was that ihey have a low energy producing capability and will not 
generate high currents capable of igniting wires. The NRC did not 
object to this conclusion in either their September 29, 1978 response 
to NYPA's December 9, 1976 submittal discussed above or in the SER 
to Amendment No. 24.  

The licensing basis also appears on page 4-13 of the Fire Protection 
Reference Manual.  

Licensing Basis for Electrical Cable Penetrations 

Electrical cable penetrations in critical fire barriers shall be 
designed to acceptably pass an ASTM E119 exposure fire test. The 
firestops shall consist of smarinite, collars and-sleeves, with 
scera-felto mineral wool blanket or equivalent under the sleeves, and 
an application of *flaxnemastic" or equivalent flame retardant coating 
for a distance of 18 inches from either side of the firestop.  
Critical fire barriers include those separating the control building 
from the turbine building and from the diesel generator building, and 
those separating the diesel generating rooms.  

Discussion 

The source of this licensing basis is a commitment-in NYPA letter 
IPN-79-2 to the NRC, dated February 6, 1979. This commitment-was 
incorporated into the 1P3 Operating License by Amendment No. 24 as 
a license condition relating to the completion of a facility 
modification. The modification is stated in section 3.1.2(3) of the
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SER accompanying the Amendment. Section 3.1.2(3) states: 

Mcable penetration fires tops will be upgraded to a design that passes 
ASTM E119 exposure fire test by the addition of wMariniteffcollars 
and sleeves wi th 'Cera -Felt' *.or equivalent mineral wool blanket 
installed under the sleeves and OFlamemastico flame retardant coating 
over the firestop and on the cables for a distance of 18 inches on 
either side of the firestop. Penetr~ations to be upgraded are those 
In barriers separating the control building from the turbine builc.ing 
and from the diesel generator buildi~ng, and those separating diesel 
generator rooms.' 

Amendment No. 24 required implementation of this modification by 
April 1, 1980. While this modification is reflected in the first 
Updated FSAR in 1982, page 9.6-20, and in the current Updated FSAR, 
page 9.6-14, many of the specifics of the licensing basis have been 
deleted from the FSAR description.  

4.2 IP3 Fire Seal Design Basis 

Fire seals are installed with the i Intent that they remain in place 
and retain their integrity when subjected to an exposure fire and 
subsequently, a fire suppression agent. This will provide reasonable 
assurance that the effects of a fire are limited to discrete fire 
areas or zones and that safe shutdown systems will remain available 
post fire.  

Early fire seal design requirements were promulgated by the staff in 
Branch Technical Position (BTP) APC*SB 9'.5-1 (Reference 2.4). BTP 
APCSB 9.5-1 guidance suggested that cable and cable tray Penetrations.  
should be sealed with a dasigned firel seal which, as a minimum, meets 
the requirements of ASTM E119, including the hose stream test. The 
staff also suggested that electrical cable constructions should at 
least pass the IEEE 383, flame test.  

During an NRC site visit in17,the staff issued Posit-ion 4 
regarding the qualification of. cable penetration fire seals 
(Reference 2.14). The-staff ind icated that fire seal qualification 
tests should be performed in accordance with ASTM E11.9 with several 
noted exceptions as ASTM E119 was not specifically written to address 
the testing and qualification of fire seals. The standard provides 
a general test method and acceptance criteria for the testing and 
qualification of fire barriers such as walls, partitions, floors and 
roofs.  

The design of 1P3 fire seals is based on several qualification fire 
tests that are representative of the worst case configuration 
including cable loading, cable tray arrangement and anchoring, and 
penetration fire seal size and design. Tested fire seals also used 
cables representative of the cable sizes in the facility (i.e., 
instrumentation verses power). In cases where a fire seal is to be 
installed in a wall configuration, fire, seals were qualified'in the 
worst case configuration (i.e., the worst case of two configurations
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1800 opposite of each other where the fire seal is not. symmetrical).  

The review methodology, as outlined in ENG-537, Evaluation 5 

(Attachment 6.3) applied'to-each fire test is: 

1 . The tested configuration shall be subjected to a 3-hour fire 
endurance test (or lesser exposure if a lesser fire rating is 
required) which corresponds to the standard time-Ltemperature 
curve as specified in ASTM E-119, "Standard Methods of Fire 
Tests of Building Construction and materials.' 

2. The tested configuration has withstood the fire endurance test 
without the passage of flame or gases hot enough to ignite 
cable, other penetrating items or seal material on the 
unexposed side. The maximum temperature-is 700 0F.  

3. The unexposed side field thermocouple temperatures of the 
tested configuration shall not exceed 250'F plus ambient[ "] 
The. unexposed side interface and 6enetrating items thermocouple 
temperatures of the tested configuration should not exceed 
250OF plus ambient. Penetration configurations whose 
temperatures exceed 250'F plus ambient may be evaluated and 
qualified on a case-by-case basis as long as all other 
acceptance criteria has been met and the .maximum of 
temperatures recorded on the unexposed side are sufficiently 
below the self-ignition temp~erature of cable, other penetrating 
items or seal material on the unexposed side. The maximum 
temperature is 700 0F.  

4. The tested configuration has withstood an acceptable hose 
stream test where an acceptable delivery of that hose stream 
shall be one of the following:.  

a. A 1-1/2 inch nozzle at 300 discharge angle with a nozzle 
pressure of 75 psi and a minimum discharge of 75 gpm at 
a maximum distance of 5 feet from the exposed surface.  

b. A 1-1/2 inch nozzle at 15' discharge angle with a nozzle 
pressure of 75 psi and a minimum discharge of 75 gpm at 
a maximum distance of 10 feet from the exposed surface.  

c.. A 2-1/2 inch standard playpipe with a 1-1/8 inch tip with 
a nozzle pressure of 30 psi at a distance of 20 feet from 
the exposed surface.  

5. The duration of the hose stream test should be 2-1/2 minutes 
per 100 square -foot of exposed surface.  

6. The tested configuration shall remain intact without the 
projection of water beyond the unexposed surface for the 
duration of the hose stream test.  

Note: Temperatures which exceeded 2500 F plus ambient have been
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evaluated and qualified on a cA 'se-by-case basis where the f ield 
temperatures are judged to be influenced by. placement of the 
thermocouple adjacent to'a penetrating item(s).  

A sum~ary of the results of qualification fire testing is presented 
in Attachment 6.5.  

1P31s original cable and raceway schedule (CASP) identifies those 
cables installed and routed through various areas inside and outside 
the Containment Building (Reference 2.5).  

CASP identifies information regarding specific attributes of each 
cable including cable number, to and from designations, circuit 
information and cable information. Data regarding cable cover is 
identified by an alpha code., The alpha designations are. as follows: 

A - Asbestos 
B - Butyl Rubber 
C - Varnish Cambric 
D - Braid 
E - Bare 
G - Glass Braid 
I - Interlock Armor 
K - Kerite 
L - Lead 
N - Neoprene 
P - Polyethylene 
R - Rubber 
S - Shielded 
T - Teflon 
U - Silicone Rubber 
V - PVC 
W -Weatherproof 

X -Cross-linked, Polyethylene 
Y -Enamel 

An example of a cable cover code is as follows: 

VGVA - PVC insulation with glass braid and PVC and an 

overall asbestos braid jacket 

Table 1, page 17, provides a summary of typical cables used at 1P3.  

4.4 Justification for Acceptance.  

1P3 cables were reviewed for acceptance based on the data in the 
following documents; FMRC Report J.I.OM2E1.RC (Reference 2.11), the 

*Society of Fire Protection Engineers Handbook for Fire Protection 
(Reference 2.18), and the recent testing performed for Rockbestos Co.  
under FMRC Contract No. J.I.OY1R9.RC, (Attachment 6.8). .Early 
EPRI/FMRC studies (i.e., EPRI Reports NP-1200, NP-1767 and NP-1881),
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will =~ be relied on to bound 1P3 cables due to; (1) the uncertainty 
of critical heat flux values (or critical temperatures) cited in 
earlyEPRI/FMRC reports, (2) questions in the interpretation of the 
test data and (3) insufficient test data which could render more 
accurate critical heat flux values..  

Since data provided by the latest testing is representative of 
critical flux values for piloted ignition, and since the auto
ignition temperature of any cable is always greater than or 
comparable to its piloted ignition temperature, the use of this test 
data is conservative for bounding self-ignition temperatures of 1P3 
cables.  

The determination 'of critical heat flux values is based on the 
principles of radiative heat transfer and the conservation of energy 
(Reference 2.22, similar to Equation 1.7). The net rate of radiative 
heat exchange between a cable surface and its surroundings is 
expressed as: 

(3) qo = qlmitte - qmabsarbed 

where: 
q mnet =net rate of energy (heat flux) absorbed and 

emitted by a cable sample (kW/m2) 

q emitted rate of energy emitted by the cable sample due 
to surface re-radiation (kW/m2) 

qmbr=, rate of energy (heat flux) absorbed by the 
cable sample (kW/M2) 

The Stefan-Boltzmann Law (Reference 2.22, Equation 1.4) which relates 
radiant heat flux to surface temperature to the 4th power for other 
than a black body, is written as: 

(4) quemittod eaT4 surface 

and 

(5) =~bore a~ ambient 

Applying the Stefan-Boltzmann Law to equation (3) gives: 

(6 Vet e T srace aO4ambient 

where: 
e = emissivity 

a = Stefan-Boltzmann constant 

(56.7 EE -12 kW/m'OK4) 

Tsurface = cable sample-surface temperature (0 K)
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Of absortivity 

Tamient = surrounding (ambient) temperature (OK) 

At steady state when as time to ignition approaches infinity, T.ai.n t 

equals Tsurface, and qnet. equals zero.  

Under this condition equation (3), becomes: 

(7) 0 = emtt - q absorbed 

or 

(8) qabsorbed =qemitted 

Considering the absorbtivity of the cable surface, the relationship 

between qaborbed and q"applied is as follows: 

(9) caq",,,i = qwabsorbed (Reference 2.22, Equation.1.6) 

where: 

q 0applied = rate of energy (heat flux) applied to a 
cable sample (kW/M2) 

Assuming an aborbtivity of unity (note: cable painted black has an 
a z 0.98), equation (9) reduces to: 

N(10) q~applied =qabsorbed 

Combining equations (4), (8) and (10), the relationship between thle 
applied heat flux and the cable surface temperature at steady state 
conditions is: 

(± ~ q applied q~asr~ =qomitted =eoT4 surface 

or 
(12) q~ple P-OT surface 

By definition, critical heat flux (quo) is the temperature at or 
below which ignition of a cable sample cannot be achieved. This 
occurs when-the energy transfer to the -surface of the cable is at 
steady state. Therefore, the critical heat flux (quo) equals the 
applied heat flux, or 

(13) qo=qappied 

and the temperature of the cable surface is equal to the critical 
temperature (Tsurface ='). Equations '(12) and (13) can' then be 
rewritten as: 

(14) quo z s T 4.,K 

or
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(15) TO,.KZ (qo0 /e) 1 '" 

where: 
T,,*K =temperature at or below which ignition of cable 

samples cannot be achieved (0K).  

q" critical heat flux.jkw/m') 

The conversion of 0K to 'F is as follows: 

(16) T..= (T0,.K - 273) x 9/5] + 32 

By definition, the relationship between T. and the ignition 
temperature is: 

(17) Tigition 2 j T.  

where: 

Tignition, K = ignition temperature (OK) 

Assuming an emissivity of unity, equatio ns (15), (16) and (17) reduce 
to: 

(18) Tintin *= H qN/56.7 EE -12)"- 273] x 9/5) + 32 

where a direct one-to-one correlation between IP3 cables and tested 
cables could not be made, more conserv ative test results have been 
used as the basis for acceptance. Where cables were bounded, two (2) 
flammability parameters have been reiewed to determine the worst 
case cable samples. Bounding data is-'evaluated as follows: 

1. The highest Flame Propagation Index (FPI) value of each cable 
type was evaluated.  

In general, high FPI values correlate to lower values of 
critical heat flux with comparable heat release rates. Also, 
cables of higher FPI values exhibit greater f lame spread 
characteristics than similar cables of lower FPI values.  
Therefore, cables whic h have a higher FPI value will be 
considered worst case for cableg of similar construction and 
jacketing.  

2.. The lowest critical heat flux value of each cable type will be 
evaluated.  

Cables which have lower critical heat flux values, by 
definition, will have lower ignition temperatures. Therefore, 
cables which have a -lower critical heat flux value are 
considered worst case over cables' of similar construction and 
j acketing.  

Where cables have the same jacketing but a different insulation, NYPA 
cables have been bounded by comparingithe worst case of either the 

Page 15 of 25

Revision 1



IP3-ANAL-FP-01392, Fire Seal Evaluation Rvso

insulation or the jacketing (i.e., a cable of XLPE insulation, lead 
sheath and PVC jacketing is expected' to be no worse than either a 
cable of PVC or XLPE alone).  

where cables have an asbestos jacket, NYPA cables have been bounded 
by conuaring the worst case'of either the insulation or the jacketing 
(i.e., an asbestos jacketed PVC insulated cable is expected to be no 
worse than a PVC jacketed 'cable). No recent test data is available 
for asbestos jacketed cables. However, the presence of asbestos iis 
expected to significantly 'dampen fire propagation. This is because 
asbestos exhibits a higher resistance to flame spread. These cable 
types were previously reviewed by the NRC staff and documented in NRC 
SER dated February 2, 1984 (Reference 2.21).  

Detailed bounding of each 1P3 cable is provided in the table below, 
where T0 .. , , is the temperature at or below which piloted ignition 
of a cable sample cannot be achieved in degrees Fahrenheit.
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Summary of Tvical Cables used at IP3
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Symbol Description Bounding Cable Data Criteria 

VSV Multi- VSV a (insulation/jacket) w PVC/PVC 1, 2 &3 
conductor 
cable. Each This cable is bounded by data of the worst case cable 
conductor is constr.-tion of PVC insulation and PVC jacketing. The 
PVC insulated bounding samples are as follows: 
with a shield 
or an overall Sample 81, PVC/PVC, T,., 9 32*F& 
shield Entire Sample 83, PVC/PVC, T., u 786*F 
assembly is 
jacketed with The Samples are from Reference 2.11. Sample #1 chosen for 
PVC the comparison as it represents a worst case flame spread 

(PPI = 36) and Sample #3 was used for the comparison as it 
represents a worst case critical heat flux or critical 
temperature (= 786*F) f or those samples tested. The 
PVC/PVC values are consistent with the range published in' 
the SFPE Handbook (Reference 2.1.8) with a range for T,0 ., p 
=786 to 1007*F.  

The worst case of these two samples is T.,. = 786*F.  
Therefore NYPA's cable when bounded by this worst case, 
still has a T,., . above 700*F.  

VLV Single PVC VLV - (insulation/jacket) = PVC/PVC 1, 2 &4 
insulated 
conductors This cable is bounded by data of the worst case cable 
with lead construction of PVC insulation and PVC jacketing. The 
sheath and bounding samples are as follows: 
overall 
jacket of PVC Sample 81, PVC/PVC, T0. 832*F 

Sample #3, PVC/PVC, T.:: 78607 

The Samples are fromd Reference 2.11. Sample #1 chosen for 
the comparison as it represents a worst case flame spread 
(FPI = 36) and Sample #3 was used for the comparison as it 
represents a worst case critical heat flux or critical 
temperature (o- 786*F) for those samples tested. The 
PVC/PVC values are consistent with the range published in 
the SFPE Handbook (Reference 2.18) with a range for T, 
= 786 to 100707.  

The worst case of these two samples is T.,.,, - 786*7.  
Therefore NYPA's cable when bounded by this worst case, 
still has a T.,.,. above 700*F.
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Multi
conductor PVC 
insulated 
with glass 
braid, lead 
sheath and 
overall 
Jacket of PVC

Multi
conductor
XLPE 
insulated 
with 
interlocked 
armor and 
overall 
Jacket of PVC

1 T
VGLV (insulation/Jacket) - PVC/PVC 

This cable is bounded by data of the worst case cable 
construction of PVC insulation and PVC jacketing. The 
bounding samples are as follows: 

sample #i, PVC/PVC, T.:: 832*F& 
sample #3, PVC/PVC, Ta., *786*F 

The samples are from Reference 2.11. Sample #1 chosen for 
the comparison as it represents a worst case flame spread 
(FPI = 36) and Sample #3 was used for the comparison as it 
represents a worst case critical heat flux or critical 
temperature (- 786*F) for those samples tested. The 
PVC/PVC values are consistent with the range published in 
the SFPE Handbook (Reference 2.18) with a range for T.,,,, 
786 to 1007*F.  

The worst case of these two samples is T..., * 786*F.  
Therefore NYPA's cable when bounded by this worst case, 
still has a T.,,. , above 700*F.

XIV - (insulation/Jacket) a XLPN/PVC 

This cable is bounded by selecting the worst case cable 
sample of PVC Jacket (Sample #l)and the worst case cable 
sample of XLPE insulation (Sample #14). since each of 
these worst case samples has the sane insulation and Jacket 
type, it is assumed that the insulation will have no effect 
on the performance of the Jacket and vice versa. The 
bounding samples are as follows: 

VV = (PVC /PVC) T.,,. 832-F 

XX = (XLjPE/XLPE) T.', 928*F 

Where: 

Sample #1, PVC/PVC, T..., * 832*F,& 
Sample #14, XLPE/XLPE, T..., P- 92B*F 

The Samples are from Reference 2.11. The worst case of 
these two samples is T...,~ , 832'F. Therefore NYPA's cable 
when bounded by this worst case, still has a T. *, p above 
700*F.

4. I ~1

Multi 
conductor 
XLPE 
insulated 
with lead 
sheath and 
overall 
jacket of PVC

XLV - (insulation/jacket) - XLPU/PVC 

This cable is bounded by selecting the worst case cable 
sample of PVC jacket (sample #1) and the worst case cable 
sample of XLPE insulation (Sample #14). Since each.of 
these worst case samples has the same insulation and jacket 
type, it is assumed that the insulation will have no effect 
on the performance of the jacket and vice versa. The 
bounding samples are as follows: 

VV = (PVC/PVC) T0.., P 8320F 

2CC = (ZLPI/XLPE) T0.,,. 928*F 

Where: 

Sample #1, PVC/PVC, T..., * 832*F,& 

Sample #14, XLPE/XLPE, T..,.~ P 928*F 

The Samples are from Reference 2.11. The worst case of 
these two samples is T,.,s, = 832*F. Therefore NYPA's cable 
when bounded by this worst case, still has a T...,., above 
700*F.
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Single or 
multi
conductor, 
EPR insulated 
and overall 
Jacket of 
Neoprene

QN - (insulation/Jacket) a 2PR/Meoproe 

This cable is bounded by selecting the worst case cable 

sample of Neoprene Jacket and the worst case cable Sample 
of EPR insulation. The insulation is bounded by the worst 
case sample of EPR (Sample #11). The Jacket is bounded by 

the worst case sample of Neoprene (Sample #21). In 
comparing the worst case sample of Neoprene the potential 

affects of a different insulation (XLPE) was-also reviewed 
by looking at Sample *14. The bounding samples are as 
follows: 

=N (XLPEINMoprene) T..., P 928*F 

XX = (XLPE/XLPE) T.,, 928PF 

Q= (Z.PRIEPR) T0.., 928*F 

Where:

sample #21, XLPE/Neoprene, 
Sample #14, XLPE/XLPE 
Sample #11, EPR/EPR,

T,.". 928-P, 
T..,:-928*F& 

T.,, .928-F

1 &2

The Samples are from Reference 2'.11. The worst case of the 
NX and QQ samples is T.,,, 928*F. Therefore NYPA's cable 
when bounded by this worst case, still has a T,0 ., p above 
700PF.  

NX single or NX - (insulation/Jacket) a XLPE/Neoprene 1&2 
multi
conductor, This cable is represented by: 
XLPE 
insulated and Sample #21, XLPE/Neoprene Jacket, T..., P = 92B*F& 
overall 
Jacket of The sample is from Reference 2.11. This value is higher 
Neoprene than the data published in the SFPE Handbook (Reference 

2.18) with a value for T..., P - 832*F. The worst case from 
the handbook is 832*F. Therefore NYPA's cable when 
correlated to this sample, has a T,, above 700*F.  

NSX multi- NSX - (insulation/Jacket) - XLPE/Neoprene 1, 2 &3 
conductor
cable. Each This cable is represented by: 
conductor is 
XLPE Sample #21, XLPE/Neoprene Jacket, T.0 .,.- 928*F 
insulated 
with a shield The sample is from Reference 2.11. This value is higher 

or an overall than the data published in the SFPE Handbook (Reference 
shield. 2.18) with a range for T.,i P 832*F. The worst case from 
Entire the handbook is 832*F. Therefore NYPA's cable when 
assembly is correlated to this sample, has a T..., , above 700*F.' 
jacketed with 
Neoprene I_______
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Single or 
Multi
conductor, 
ZPR insulated 
and overall 
Jacket of 
Hypalon

QH =(insulation/jacket) -EPR/HYPalon 

This cable is represented by: 

Sample #35, EP R/Hypalon Jacket, T..,. 892*F 
sample #8, EPR/Hypalon Jacket, T...,,, 832*F 

The samples are from Reference 2.11 and Attachment 6.8.  
Sample #35 represents a worst case flame spread (PPI = 13) 
and Sample #8 represents a worst case critical heat flux or 
critical temperature (w 832*F) of the test data available.  
This critical temperature value is higher than the 
published (Reference 2.22) range which has a low end 
critical heat flux value of 14 kw/m' (T..., Pw 809*F) .  
Therefore KYPA's cable when correlated to this sample, has 
a T.,, above 700*F.

1& 2

XH Single or XH -(insulation/ jacket) - XLPI/Elypalofl1 2 
multi
conductor, This cable is represented by: 
XLPE 
insulated and sample #4, XLPE/Hypalon Jacket, T...,, 832*F 
overall 
jacket of The sample is from Attachment 6.8. The worst case test 
Hypalon sample is T,.,, P 832*F. Therefore NYPA's cable when 

bounded by this worst case, still has a T0.., P above 700PF.  

XSH Single or XSH -(insulation/ jacket) - XLPE/Rlypalon 1, 2 r& 3 
multi 
conductor, This cable is bounded by the following cable samples: 
XLPE 
insulated XX = (XLPR/XLPE) T.,, 928-F 
with 
individual QH = (EPR/Bypalon) T.., 832*F 
shielding or 
an overall Where: 
shield and 
overall Sample #14, XLPB/XLPE T.., P . 928PF 
jacket of Samle #35, EPR/Hypalon T..., P-892*F 
Hypalon Sample #8, EPR/Hypalon T0 .., = 832*F 

The samples are from Reference 2.11 and Attachment 6.8.  
This cable is bounded by selecting the worst case cable 
sample of Hypalon jacket and the worst case cable sample 
of XLPE insulation. Sample #14 which represents the XLPE 
insulation, represents a worst case flame spread (FPI = 17) 
and critical heat flux or critical temperature (- 928'F) 
from the available test data. Sample #35 which represents 
a Hypalon jacket represents a worst case flame spread (FPI 
= 13) and sample #8 represents a worst case critical heat 
flux or critical temperature (= 832*F) from the test data 
available. In comparing the critical temperatures of these 
samples against published data (Reference 2.22), the 
published data has a low end critical heat flux value of 14 
kW/m 2 ( T..1  809*F).  

The wo rst case is the published data which is T,.,,, 
809*F. Therefore NYPA's cable when bounded by this worst 
case, still has a T.,,. . above 700*F.
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____ ________ - T

Single 
conductor 
cable with 
PVC insulated 
and overall 
asbestos 
braid

VA = (insulation) - PVC 

This cable is bounded by data o f the worst case cable 
construction of PVC insulation and PVC jacketing. The 
bounding samples are as follows: 

Sample #1, PVC/PVC, T.,, 8327 & 
Sample U3, PVC/PVC, T.,:,, 786-F 

The samples are from Reference 2.11. Sample #1 was chosen 

for the comparison as it represents a worst case flame 
spread (FPI =_ 36) and Sample.63 .was used for the comparison 
as it represents a worst case critical heat flux or 

critical temperature (a 786*F) for those samples tested.  
The PVC/PVC values are consistent with the range published 
in the SFPE Handbook (Reference 2.18) with a range for 

.,,, 786 to 1007PF.  

The-worst case of these two samples is T,.,,p 786*F.  
Therefore NYPA's cable when bounded by this-worst case, 
still has a T.,,, above 700*F. _____

multi
conductor 
cable. Each 
conductor is 
PVC insulated 
with an 
overall PVC 
jacket and 
asbestos 
braid

multi 
conductor 
cable PVC 
insulated 
with glass 
braid with an 
overall PVC 
jacket and 
asbestos 
braid

VVA * (insulation/jacket) a PVC/PVC 

This cable is bounded by data of the worst case Cable 
construction of PVC insulation and PVC jacketing. The 
bounding samples are as follows: 

Sample #1, PVC/PVC, T., p 832*F & 
Sample #3, PVC/PVC, T..., P= 786*F 

The samples are from Reference 2.11. Sample #1 chosen for 
the comparison as it represents a worst case flame spread 
(FPI = 36) and Sample #3 was used for the comparison as it 
represents a worst case critical heat flux or critical 
temperature ('- 786*F) for those samples tested. The 
PVC/PVC values are consistent with the range published in 
the SFPE Handbook (Reference 2.18) with a range for T0., ,, 

786 to 1007*F.  

The worst case of these two samples is T..., P, 786*F.  
Therefore NYPA's cable when bounded by this worst case, 
still has a T..., P above 700*F.

VGVA - (insulation/jacket) - PVC/PVC 

This cable is bounded by data of the worst case cable 
construction of PVC insulation and PVC jacketing. The 
bounding samples are as follows: 

Sample #1, PVC/PVC, T..., 832P & 
Sample 63, PVC/PVC, T.., 786*F 

The Samples are from Reference 2.11. Sample #1 chosen for 
the comparison as it represents a worst case flame spread 
(FPI = 36) and Sample #3 was used for the comparison as it 
represents a worst case critical heat flux or critical 
temperature (- 786*F) for those samples tested. The 
PVC/PVC values are consistent with the range published in 
the SPPE Handbook (Reference 2.18). with a range for T0.,,, 
-786 to 1007'F.  

The worst case of these two samples is T..,., - 786*F.  
Therefore NYPA's cable when bounded by this worst case, 
still. has a T..., P, above 700*F.

1,2 & 6

1, 2 & 6

1, 2, 6 & 7
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UA Single UA = (insulation) =.Silicone Rubber 1, 2 &6 
conductor 
cable with This cable is bounded by data of the worst case cable 
silicone construction of silicone Rubber insulation and PVC 
rubber and jacketing. The bounding sample are as follows: 
asbestos 
braid Sample #8, Silicone Rubber/PVC, T.,,. P - 91O*F 

The sample is from Reference 2.11. sample #8 was chosen 
because it represents the worst case construction type 
(i.e., PVC jacketing). The worst case test sample is 

TOv= 910*F. Therefore NYPA's cable when bounded by this 
worst case, still has a T.,., P above 700*F.  

UGA multi- UGA = (insulation) = Silicone Rubber 1, 2, 6& 
conductor 7 
cables. Each This cable is bounded by data of the worst case cable 
conductor is construction of Silicone Rubber insulation and PVC 
silicone jacketing. The bounding sample are as follows: 
rubber 
insulated sample #8, Silicone Rubber/PVC, T.,,. 910* 
with glass 
braid and an The sample is from Reference 2.11. Sample #8 was chosen 
overall because it represents the worst case construction type 
asbestos (i.e., PVC jacketing). The worst case test sample is 
jacket T..., , = 910*F. Therefore NYPA's cable when bounded by this 

worst case, still has a T.., P above 700*F.
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The following criterion hag been applied in-bounding cables: 

1. Each 1P3 cable sample is compared to two (2) worst case, flammiability 
parameters to determine the bounding -cable sample. The two 

flammability parameters are the Flame Propagation Index (FPI),and the 
critical heat flux.  

2. Differences in conductor cable size, conductor number and cable 
insulation and jacket size are expected to have a negligible effect 
on the critical heat flux. An increase in the conductor size and 
number is not expected to influence the critical heat flux because 

a cable sample is expected to behave per the principles of a 
thermally thin potymer as time to ignition approaches infinity. An 
increase in -the 6ross-sectional area of the insulation (i.e., a 
thicker insulation or jacket) is not expected to effect the ignition 
temperature onl)' the time to ignition. This is because critical heat 
flux is a property of the material.  

These differences are expected to influence the thermal re *sponse 
parameter (TRP) and the flame propagation characteristics. In 
general, cables of increasing conductor size and number will exhibit 
decreasing TRP values and better flame propagation cha 'racteristics.  
This is due to their behavior per the principles of thermally thick, 
as time to ignition approaches zero.  

3. internal cable shielding is expected to have a negligible effect on 
the critical heat flux and a negligible effect on the Thermal 
Response Parameter (TRP) value. This is due to the increase in 
density, thermal conductivity and thickness of the overall cable 

*assembly which is expected to be negligible.  

4. The presence of an internal lead sheath is expected to have a 
*negligible effect on the critical heat flux. This is because lead 
is an inert material. The change of state of the lead (i.e., from 
a solid to a liquid) is expected to increase the TRP value and 
improved flame propagation characteristics. The melting point of 
lead is 6220F (Reference 2.22, Table 8.1) 

5. The presence of an interlocked armor beneath the overall jacket is 
expected to have a negligible effect on the critical heat flux. The 
combined effect of an increase in density and specific heat and 
decrease in thermal conductivity is expected to increase the Thermal 
Response Parameter (TRP) value.  

6. The presence of an overall asbestos braid is not expected to have an 
effect on the critical heat flux but is expected to significantly 
dampen fire propagation. This is because asbestos is an inert 
material and in the configuration that it has been used, the cable 
is expected to exhibit a high resistance to flame spread. The 
asbestos braid is typically constructed of woven, fibers saturated 
with a flame and moisture resistance lacquer which, by inspection, 
is not expected to encapsulate-the off gasses of the material beneath 
the woven asbestos braid jacket.
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7. The presence of an glass braid is not expected to have an effect on 
the critical heat flux nor is it expected to have an effect on the 

fire propagation characteristics. This is because glass is typically 

used internal to the jacket. The glass braid is typically 

constructed of woven f ibers saturated with a flame and moisture 
resistance lacquer.  

5.0 CONCLUSION 

NYPA compared the cables installed at Indian Point 3 to tested cable 

samples of similar construction and jacketing. This review shows that 

it is reasonable to conclude that the self-ignition temperatures of 

cables that penetrate a fire seal (where 'the qualification test 

results indicated an unexposed side temperature greater than 250OF 

above ambient), are sufficiently above 7000 F. This conclusion is 

based on a cable type-by-cable type comparison to new test data and 
the following: 

1. Auto-ignition temperature by definition, would be comparable to 

or greater than the critical temperatures for piloted ignition 
reviewed for comparison.  

2. Penetration fire seal qualification tests were typically 
performed using maximum cable loading and worst case cable 
construction and jacketing (i.e. PVC jacketed cables of 600V 

rating). Mixtures typically included single conductor cables, 
multi-conductor cables and large diameter cables.  

3. of all the generic test data discussed in Section 4.4 of this 

evaluation and presented in Attachments 6.8 and 6.10, none of 

the cable samples of construction and jacketing similar to 
those used at 1P3 have a critical pilote ignition temperature 
less than 786'F Cl3kW/m').  

6.0 ATTACHMENTS 

6.1 Con Ed Specification E-6068-3; Fire and Heat Resistance Tests on 600V 

Power and Control Cable and Switch Board Wires.  

6.2 FMRC Specification Test Standard, Class Number 3972; Cable Flame 
Propagation.  

6.3 ENG-527, Evaluation No. 5, Revision 1, Penetration Fire Seal Program.  

6.4 Record of Conversation between A. Tewarson of FMRC and S. Wilkie of 

NYPA on March 3, 1995 regarding EPRI Reports NP-1200, NP-1767 and 
1881.  

6.5 Summary of Penetration Fire Seal Test Reviews.
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6.6 FM-RC letter to EPRI, dated May 10, 1995.  

6.7 Licensing Attachments.  

6.8 Rockbestos cable testing, FMRC Contract No. J.I. OY1R9.RC.  

6.9 Typical Plot of the Inverse of Time verses External Heat Flux.  

6.10 Society of Fire Protection Engineers (SFPE) Handbook of Fire 
Protection Engineering, 2nd edition, Section 3, Chapter 4, copy of 
the galley proof.  

6.11 Symposium Series 599, Fire and Polymers II, Materials and Tests for 
Hazard Prevention, Chapter 30, 1995, American Chemical Society, 
Washington, D.C., copy of chapter submitted by Dr. A. Tewarson for 
publication.
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ATTACHMENT 6.1, 

Con Ed Specification E-6068-3 

Fire and Heat Resistance Test on 

600V Power and Control Cable and Switch Board Wires



'di301troionsoldated Edison ComPanY 01 New YOrk. Inc.  

'AwA4 IringPlace. New York. N Y 10003 

Purchasa and Test Manual No. 6-Sect. I. Page I.  

All Districts 
EO-6068-3 
DEC 27 197 

FIRE AND HEATRESISTANCE TESTS PN 
_600V POWER AND CO0NTROL CABLE 

SCOPE 

1 . This specification covers the fire and heaz: r7e5stance 

tasts to be performed on 600V power and control ca"Ae, switch

board wires and imlticonductor cable as- a requiremen- for 

Company acceptance in varioua cable specification.  

DEFINITION OF TERM4S 

Z. The following are definitions of terms relating to thi s 

specification.  

a. Power Cable -Stranded conductors, completely covered 

with the type oi insulation suitable for 600 volt 

power applications. The cable may or may not be lead 

covered or jacketed depending on the 
applicable 

specification.  

Control Cable - (Cable Systems). Cable which is usually 

applied at relatively low current levels or used for 

intermidttent operation to change the operating status 

of a u~tilizationl device of the plant auxiliary system.  

This could be considered a special type of multiconductor 
cable.  

C. Switchboard Wire -Wire of a single strand properly 

insulated and utilized for a large single p-anel,, frame, 

or 'assembly of parals, on which are mounted, on the face 

or the back or both, switches, overcurrent 
and other 

protective devices, buses, and usually 
instruments.  

do Multiconductor Cables -A combination of two or more 

conductors cabled together-and insulated 
from one 

another and from sheath or armor where used. Note: 

Specific cables are referred to as 3-conductor cable, 

7 conductor cable, and muilti-plas cherenf, or grouped 

in pairs.
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GENERAL~ 

3. When performing any of the tests outlined in Paragraphs 5 
and 6 a-, this specification on a sample of wirc or cable, an 
approved wire or cable shall be submitted to the same test(s) at 
the same time so that a performance level is established for the 
test sample under the same test conditions.  

4. Mhe Transmission and Distribution Engineer Will review the 
results of all testing and determine the suitability of the sample 
zonstruction for use.  

5. Trie following fllame tests shall be performed on all 600V power 
and control cables and switchboard wires, except where specified.  
All cables shall be meggered at IOOOV before and after the test.  
All cables which do not meet paragraph 5a and 5b shall be considered 
-o have failed and are not to be submitted to any additi.onal testing.  

a. A.S.T.M. Vertical Flame Test 

An a preliminary test, the A.S.T.M. vertical flame test, 
designation D-2633 shall be performed only on 600V con
trol cable and switchboard wires. All cables which do 
not meet this test shall be* considered to have failed andG~ 
shall not be submitted to any additional testing.  

b. Con Edison Vertical Flame Test' 

With the cable in a vertical position a burner flame 
with the tip of the inner cone of the flame at the outer 
surface of the cable covering, is held on the cable for 
five (5) minutes. The-time to ignite the cable is noted 
and after removing the flame, the time that the cable 
continued to f-lame and the extent of the burning are'noted.  

The flame shall be supplied by a Fischer Burner No. 3-902, 
40mm. diameter head, using natural gas with the tip of 
the flame adjusted for 1900 degrues F.  

c.Cn son BonfirTst 

This test shall be performed on 600V power and multi
conductor cable. The test shall be performed three tie 
and if two out of three show indications of short c_-*r 
cuit conditions during the test, it shall be considered 
to have failed. All multi-conductor cables with an 
overall diameter or less than 1/2 inch shall not be I subjected to this test.
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c. Con Edison sonfire Test (Cont'd) 

Several cabl es to be'tested,, the number depending on 
service conditi.ons, shall be three feet in length each.  
Tme cables to be tested shall be grouped in a bundle 
and exposed to an oil flame produced by igniting 
transformer oil in a 12 inch diameter pail. At thG 
start of ea 'ch test the oil level is adjusted to 2.
inches below the rim of -the pail. The grouped ca: 
shall be placed horizontally over the center of the 
pail, with the lowest conductor 3 inches above the 
top of the. pail. The flame is applied for five minutes.  

All cables shall be rneggered at 1,O00V before and after 
the test.  

1. Throughout the Cast a voltage shall be applied to 
the cables as shown in figure I attached.  

2. The cables shall be grouped in such a way that each 
cable is in contact with the others as shown in 
figure 11 attached.  

3. Should there be more than three cables. they shall 
be grouped an shown in figure-III attached.  

d. Flae Test 

Section 2.5 of the Latest Revision of I.E.E.E. 383 under 

3EAT TESTS 

6. Then following heat tests shall be performed on-all 600V 
network pzower cables which pass the flame tests. mentioned pro
1viou3ly: 

a. Oven Test 

A sample of cable appro ximately one foot in length is 
placed in an oven and heated at 2600C for four hours.  
The sample is then examined for damage. There shall be 
no signs of blistering, cracking, etc. All cables which 
do not meet the requirements of this test shall be con
sidered to have failed and are not to be submitted to.  
any additional testing..  

b. oasingTest 

1e~a cables to b. tested, the ntimber dppending o~n 
sericeconditions, each alpprximately twenty (20) feet
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b. Roasting Test (Cont' d) 

in length-are grouped in a-bun.dle and placed i n a four.  
inch duct. Current, as determined by the Transmission 
and Distribution Engineer, is applied to raise tho 
temperature of the conductor to 2600C in two hours.  
Immediately after this temperature is reached, the 
cable is removod. from the duct and the inaulation is 
examined for damage. There shall be no visible signs 
of blistering, cracking, etc..  

Gerard L. Elenkle 
Transmussion and Distribution Engineer 
Electrical Engineering Department 

Paul %:ordero/bc 

REVISION: 3 FILE 
Added definitions, set criteria 
of *Bonfire Test 4 Clarified Purchase and Test Manual No. a 
5d requirements. Sect. 1, Acceptance Testing 
Review'_by_11/80 __________________
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ATTACHMENT 6.2 
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SPECIFICATION TEST STANDARD 
FOR 

CABLE FIRE PROPAGATION 

1. INTRODUCTION 

1.1 PURPOSE 

This standard describes Factory Mutual Research Corporation (FMRC) requirements for establishing 

the classification for cable fire propagation. Cables covered by this standard include electrical and 

optical cables, herein called cables. The classification rating established in this Specification Test 

Standard may be used to determine acceptable fire protection techniques applicable to a given field 

installation.  

1.2 SCOPE 

This standard is applicable, but not limited, to various types of electrical cables such as communications 

cables (including fiber optic cables), power distribution cables, feeder branch circuit wiring. etc., having 

outer insulating coverings or metallic sheath, which may be used for commercial and industrial purposes.  

1.3 BASIS FOR FACTORY MUTUAL RESEARCH LISTING 

Factory Mutual Research Corporation Listing is based on satisfactory evaluation of the product and 

manufacturer in the following major area: 

131 Examination and tests shall be performed on production samples to evaluate flammability characteristics 
of product formulation; and 

1.2 An examination of the manufacturing facilities and audit of quality control procedures shall be made to 

evaluate the manufacturer's ability to produce the product which is examined and tested, and the 

marking procedures used to identify the product. These examinations are repeated as part of FMRCs 

Product Follow-Up program.
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1A BASIS FOR CONTINUED LISTING 

Continued Listing is based upon: 

" production or availability of the product as currently Listed; 

" the continued use of acceptable quality control procedures; 
*satisfactory field experience; 
*complince with the terms stipulated in the Specification Tested Product Agreemer t -and 

0 re-examination of production samples for continued conformity to requirements.  

1.5 BASIS FOR REQUIREMENTS 

1.5.1 The requirements of this standard are based on experience, research and testing. The advice of 

manufacturers, users, trade associations and loss control specialists was also considered.  

1.5.2 Subjecting cables to the tests described by this standard will result in their classification as described in 

Section 5.1 of this standard. The classification is based on the fire propagation (flame spread) 

characteristics of a cable. Listing requirements prohibit substitution of components in the cable 

construction without prior authorization.  

1.6 EFFECTIVE DATE 

The effective date of a Specification Test Standard mandates that all products tested for Listing after the 

effective date shall satisfy the requirements of that standard. Products Listed under a previous edition 

shall comply with the new version by the effective date or else forfeit Listing. The effective date shall 

apply to the entire specification test standard, or, where so indicated, only to specific paragraphs of the 

standard.  

The effective date of this standard is the issue date.  

1.7 SYSTEM OF UNITS 

Units of measurement are U.S. customary units. These are followed by their arithmetic equivalents in 

International System (SI) units, enclosed in parentheses. Appendix E lists the selected units for 

quantities dealt with in testing these products; conversions to SI units are included. Conversion of the 

U.S. customary units is in accordance with ASTM E 380.  

2. GENERAL INFORMATION 

2.1 PRODUCT INFORMATION 

The cables covered by this standard may be supplied as insulated single- or multiple-conductor having a 

metallic or non-metallic sheath. The conductor is usually manufactured of electrically conductive 

materials such as copper or aluminum, or may be a fiber optic material Various combinations of 

polymeric materials, modified by additives, are used for insulations and jacket.
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2.2 FLAMMABILITY CLASSIFICATION 

The flammnability characteristics of the cable will fall within the ranges specified in this standard when 

tested according to the Piloted Ignition and Fire Propagation Test Methods describd in Appendixes B 

and C of this standard.  

3. APPLICABLE DOCUMENTS AND GLOSSARY 

3.1 DOCUMENTS 

The flammability requirements are a result of Factory Mutual Research Corporation efforts summarized 

in the Factory Mutual Research Technical Report J.1. OM2EL.RC -Electrical Cables - Evaluation of Fire 

Propagation Behavior and Development of Small-Scale Test ProtocOL" 

3.2 GLOSSARY 

CABLE - a conductor (electrical or optical) with or without insulation and other coverings (single 

conductor cable) or a combination of conductors insulated from one another (multi-conductor cable).  

CRITICAL HEAT FLX- the minimum heat flux at or below which there is no ignition.  

CHMICAL HEAT RLAE- the heat release during the fire propagation process and determined 

from the generation rates of carbon monoxide and carbon dioxide 

HEAT.EU - the rate of heat flow measured across a given surface.  

INSULATED WIRE - a slender rodI or filament of drawn metal with an insulating cover.  

FIRE PROPAGATION IDX - a measure of the fire propagation tendency of the cable and is the 

ratio of the radiant heat flux provided by the flame and the thermal response parameter of the cable.  

SELF-SUSTAINED FL.AME PROPAGATION - a cable flame propagation assisted by the flame heat 

flux from the burning cable only and not by other heat sources.  

THRMAL RESPONSE PARAMETER - a property of material describing its reaction to heat in 

terms of ignition temperaturethermal conductivity, density and specific heat

3.3 COMPLIANCE 

compliance with the flammability requirements is verified by conducting the required testing and 

obtaining satisfactory performance for requirements outlined in the Test Methods described in 

Appendixes B and C of this standard.
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4. GENERAL REQUIREMENTS 

4.1 MARKING 

4.13 The marking, to be placed along the length of the cable, shall be ,repeated at intervals not exceedinag 24 

inches (610 mm) and shall bear a classification marking shown belowr 

FMRC GP-1 (or -2 or -3) 

NOTE THE MJaRKNG SHALL BE OF A CO!~rRASrlNG COLOR WflHi 12;PECr TO 

THE BACKGROUND CEO.. WHITE MARKING ON BLACK BACKGROUND).  

4.1.2 The classification marking (FMRC GP-1,-2 or -3) shall be used in conjunction with -the products which 

have been tested by FMRC. The classification marking shall not be used in a manner (including 

advertising, sales, or promotional purposes) that suggests or implies FMRC endorsement of a specific 

manufacturer or distributor. Also, it shall not be implied that Listing extends to a product not covered 

by specific written agreement with FMRC. The classification mark signifies only that the product has 

met certain requirements as reported by FMRC.  

4.2 DRAWINGS, FORMULATIONS AND SPECIFICATIONS 

4.2.1 Drawing(s), formulation(s) and specifications identifying materials, formulations and construction details 

shall be provided to FMRC for each configuration tested (i.e., itemized percentage of combustible 

material types per unit length). Information submitted to FMRC by the manufacturer with their cables 

shall include notification of any insulation/jacket materials having very high halogen contents (>60%) in 

their structures.  

4.2.2 A drawing(s) shall be provided to FMRC indicating the size and location of the Factory Mutual 

Research Corporation marking as it will be shown on the product.  

4.23 The manufacturer shall also provide to FMRC copies of all brochures, sales literature and specification 

sheets relating to the cable(s) submitted for test.  

4.3 MANUFACTURERS RESPONSIBILITIES 

4.3.1 The manufacturer shall furnish a total minimum cable length of 20 ft (6 m) from its Standard production 

line of each different cable type to be tested. For ease of shipment, the cable may be cut into segments 

of lengths not less than 3 ft (0.91 m) each. A different cable type" is defined for purposes of this 

standard, as variations in overall cable diameter and combustible materials (types and quantities) used in 

its construction. The cable, as supplied by the manufacturer, shall be cleaned of all foreign materials.  

The samples shall boe labeled so as to properfly identify each sample so that they correspond to the 

documentation provided.  

4.3.2 Cable construction of the samples tested shall be representative Of Production samples and shall 

conform to the specifications and drawings provided by the manufactre.
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5. FLAMMABILIT CHARACTERISTICS 

5.1 CLASSIFICATION REQUIREMEM FOR GROUPS 1, 2 OR 3 CABLE 

To be classified as either Group 1, 2, or 3 cable, the teat results Of samples subjected to the Piloted 

Ignition and Fire Propagation Test Methods shall exhibit one of the following patterns of fire 

propagation and a corresponding Fire Propagation Index: (see Graph 1).  

GQROUP 1 - Non-self-sustained flame propagation having a Fire Propagation Index less than 10.  

.GRUJP1 2- Self-sustained flame propagation having a Fire Propagation Index of 10 or greater, but less 

than 20.  

.GROJP 3- Rapid self-sustained flame propagation having a Fire Propagation Index of 20 or greater.  

NOTE 1: THE FIRE PROPAGATION INDEX IS GIVEN AS THE RATIO OF THE RADIANT FRACT'ION OF 

CHEMICAL HEAT RELEASE RATE OF THE CABLE TO THE THERMAL RESPONSE PARAMETER 

OF THE CABLE 

NOTE 2: THE PILOTED IGNTON IMS METHOD IS CONDUCTED TO DETERMINE THE THERMAL 

RESPONSE PARAMETER OF THE CABLE AND IS USED IN DETERMINING THE FIRE 

PROPAGATION INDEX 

NOTE 3: THE FIRE PROPAGATION TEST METHOD IS CONDUCTED TO DETERMINE THE CHEMICAL 

HEAT RELEASE RATE OF THE CABLE AND IS USED IN DETERMINING THE FIRE 

PROPAGATION INDEX.  

5.1 DETERMINING FIRE PROPAGATION INDEX 

The determination of the Fire Propagation Index (FPI) is explained in Appendix A. This Appendix 

references equations and terms used to obtain the Thermal Response Parameter as a result of the data 

colleced from the Piloted Ignition Test Method and to obtain the Chemical Heat Release Rate as a 

result Of the data collected from the Fire Propagation Test Method. It also shows how these terms are 

interrelated in determining FPI.  

5.2.1 PILOTED IGNITON AND THERMAL RESPONSE PARAMETER 

The Piloted Igntion Test Method is described in Appendix B. This Appendix states how to conduct the 

test, obtain the required data and calculate the Thermal Response Parahmer referencing the equation 

stated in Appendix A.  

5.2.2 FIRE PROPAGATION AND CHEMICAL HEAT RELEASE RATE 

The Fire Propagation Test Method is described in Appendix C. This Appendix states how to conduct 

the test, obtain the required data and calculate the Chemical Heat Release Rate referencing the 

equations stated in Appendix A.  

5.3 TEST REPRESENTUATION 

The following cable representation is allowed provided that the only difference in cable construction is 

the overall diameter of the cable.
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.3.1 The larger cables, employing the same construction and material as the smaller cables, shall be 

acceptable for the same group marking as the smallest cable satisfactorily tested.  

5.3.2 The larger cables, employing the same construction and material as the smaller cables, may be 

acceptable for a lower group marking (eg., from Group 3 to 2, and 2 to 1) provided the smallest cable 

tested has been determined to be a Group 3 or 2 cable. However, this can only be verified by subjecting 

the larger sample sizes to tests.  

6. OPERATIONS REQUIREMETS 

6.1 DEMONSTRATED QUALITY CONTROL PROGRAM 

6.1.1 A Quality Control Program is required to assure that each subsequent cable produced by the 

manufacturer shall present the same product uniformty and construction as the specific cable samples 

examined. Design quality, conformance to design, and performance are the areas of primary concern.  

Design quality is determined during the examination and tests.  

Conformance to design is verified by control quality in the following areas: 

*existence of corporate quality control guidelines 
*incoming assurance, includingtein 

9 in-process assurance, including testing 
*final inspection and test 
*equipment calibration 

e drawing and change control 
*packing and shipping 
*handling discrepant materials.  

Quality of performance is determined by field performance and by re-examination and test.  

6.1.2 The manufacturer shall establish a system of product configuration control to prevent unauthorized 

changes, including, as appropriate: 

e engineering drawings 
* engineering change request 
* engineering orders 
* change notices.  

These shall be executed in conformance with a written policy and detailed procedures Records of all 

revisions to all Listed products shall be kept 

6.1.3 The manufacture shall assign an appropriate person or group to be responsible to obtain Factory Mutual 

Research Corporation authorization of all changes applicable to Listed Products. FMRC Form 797, 

Product Revision Report or Address/Contact Change Notice, is provided to notify FMRC of pending 

changes.



FACTORYf MUTUAL FESEARCH CORPORATiON 

3972 DRAFT March 1994 

6.2 FACILITES AND PROCEDURES AUDIT (F&PA) 

6.2.1 An inspection of the product manufacturing facility shall I>e part of the specification tested product 
investigation. Its purpose shall be to determine that equipment, procedures, and the manufacturer's 
controls are properly maintained to produce a product of the same quality as. initiall tested.  

62.2 Unannounced follow-up inspections sha be conducted to assure continued quality control and product 
uniformity.  

6.2.3 Follow-Up Verification - During the follow-up audit, a random., representative production cable test 
sample shall be provided to Factory Mutual Research Corporation for testing. Verification of proper 
manufacturing shall be indicated by no significant change in the Fire Propagation Index Curve when 
compared to that which is on file at Factory Mutual Research Corporation.
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APPENIX AAPPENDIX A 

DETERMINATION OF FIRE PROPAGATION INDEX 

In order to determine FPI for a cable, tests are conducted in two phases- first, the Piloted Ignition Test, 

and second, the Fire Propagation Test. The Factory Mutual Research Corporation 50kW Flammability 

Apparatus is used for this purpose. See Figue B-i.  

I PHASE I - PILOTED IGNITION TEST 

The details of the piloted ignition test method are described in Appendix B. In the tests, cable samples 

are exposed to different exCtnal radiant heat flux, q~,values and time to ignition, t. , is recorded for each 

sample. Figure A-i shows the relationship between the inverse of square root of tinxeio ignition and external 

radiant heat flux values.  

The Therma qwespon~e Parameter of the cable is expressed as the inverse of the slope of the line 

obtained by plotting t.i versus 4 and performing regression analysis in the linear portion of the curve.  

The equation of the linear portion of the curvein Figr A-1is givenby.  

t-1/2 /A T~kpc ) 12- a 

where t. is time to ignition, q~is the external beat flux, AT(kp c P) 1/ 2 is the Thermal Response Parameter, and a 

is the infercept.  

The Thermal Response.Pakrameter of the cable is obtained experimentally by subjecting the cable to 

various external heat flux valus , and recording the time it takes to obtain attied pilot ignition of the 

combustible cable vapors, given as..Derived from the time tortrni, .1ie, the inverse of its square 

root. For each increment in the heaFflux, q~,the corresponding t.i increas& The inverse of the slope is the 

Thermal Response Parameter of the cable. i 

The Thermal Response Parameter will be required for determining the Fire Propagation Index for 

cable.  

IIPHASE 2 - FIRE PROPAGATION TST 

The fire propagation test detailed in terms of test apparatus and procedure is given in Appendix C.  

Fire propagation test for cable is conducted in the apparatus shown in Figure C-i in Appendix C. During the fire 

propagation test, all fire products along with the ambient air are captured in the sampling duct. Fire products-air 

mixture in the measurement section of the sampling du~ct is well mixed, where concentrations of CO and CO 

(using gas analyzers) and total volumetric flow rate, v (using pressure transducers across a calibrated orifice 

plat), and gas temperature in the sampling duct and ambient temperature, are measured as a function of time.  

The gas analyzers (both CO and C0 2 ) are pre-calibrated using standard gas-nitrogen mixtures in the 

concentration range expected in the test. Typically for cables, CO analyzer range between 0 and 1000 ppm by 

volume, and CO analyzer range between 0 and 1.5% by volume, are used. The generation rates of CO and CO2 

during the fire propagation as a function of time are computed from: 

G v vcyp 

where Gis the generation rate of compound i (where i is either CO or CO )in g/s, v* is the volumetric flow rate 
im3 /, 1 .i mesrdcnetainocmpudi(Oo O anp.ithdestofcmoni(C 

or CCO2) in g/rn.
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The Chemical Heat Release rate, Qch, in kW as a function of time is calculated from the gnrto 

rates of CO and C0 2 as follows: 

For cables with very high halogen content in the structure (>60%) of the insulation/jacket materials: 

For all other cable insulation/jacket materials: 

0 hm=11.08 G + 7.02 G 

where constants 11.08 and 7.02 are aegevalues for cable sample, istegnrioraef03in/,ad 
Gis the generation rate of CO in g/s, and 

The Fire Propagation Index (FPI) as a function of time is expressed as: 

1F 0.40(6 Che / x D 1 /3 3 

Thermal Response Parameter 

where 0.40 is a value for radiative fraction, Q in kW, D is thS outer W eter of the cable in meters (not just 

the conductor) and Thermal Response Parafcler is in (kW/m )e(sec)
11 which was determined in the piloted 

ignition test as described above.  

Finally, FPI is plotted as afunonof ime aswinGraph 1 inAndxD.  

0.20 

01 
01

0.00 10 20 30 40 50 60 70 80 

Zztuinal Heat fluz Ek:W/nz]
90 100

Figure A-1. Relationship between Tume to Ignition and External Heat Flux
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PRATED IGNMTON TST METHOD 

I GENERAL 

The objective of the piloted ignition test procedure is to determine the Thermnal Response Paramer 

of cables for the evaluation of fire propagation behavior. Testing is conducted in the Factory Mutual Research 

Corporation 50kW Flammability Apparatus.  

II TST APPARATUS 

The Factory Mutual Research Corporation 50kW Flammability Apparatus is shown in Figures B-1 and 

B-2- Figure B-1 shows an overall sketch of the apparatus, whereas Figure B-2 shows the lower part of the 

apparatus used for the piloted ignition testing.  

For the piloted ignition testing, a 5-inch (127 mm) horizontal cable sample with 0.5 inch (1127 mm) of 

both ends tightly covered with heavy duty aluminum foil and placed on a holder/platform is used, as shown in 

Figure B-2. In the test, the sample is surrounded by four high density tungsten-quartz radiant heaters. The 

radiant heaters are used to expose the sample to various external heat flux values. In the test, the combustible 

vapors generated from the cable sample as a result of exposure to external heat flux, are ignited with a pilot 

flame. The pilot flame, adjusted to provide a blue-white flame, consists of a horizontal premixed ethylene-air 

flame, established at the ceramic tip of a 0.25 inch (6 mm) diameter metallic tube attached to ethylene and air 

cylinders. The pilot flame is about 0.4 inch (10 mm) long and is located within 0.4 inch (10 mm) from the cable 

surface as indicated in Figure B-2.  

In the test, the cable sample 2is exposed to externa heat flux, (k, using the test sequence given in 

Table 1, ranging from 158 to 317 Btu/ft2/min (30 to 60 kW/m'). The test are performed in the open under 

normal air flow conditions.  

III TEST PROCEDURE 

The radiant heater test sequence and calibration procedure of the Factory Mutual Research 

Corporation Flammability Laboratory shall be used.  

The test shall be performed in the test sequence as specified in Table 1.  

TABLE 1.  

Radiant Heater Test Sequence for Ignition Testing 

Test Seauenc Btg/dWim 

1158 30 
2 211 40 
3 264 50 
4 317 60 

NOTE. If the ?"oed igntio data 5aphcalY plotted and extibits dear cuvilinlear behavior betwemen the heat fluxes of 158 to 211 

Btu/ft /min (30 to 40 kW/Tr ), the Test Sequen I data point shall be discarded and Teat Sequence 5 added with a heat flux 

of either 2380or 291 Btu/ft /min (45 to 55 kW/m . Additionall, if a deTemm ation of thl Critical heat flux for the particular 

cable a required, one or mmr further tests at heat fluxes Weow 158 Din/ft /un (30 kW/m ) might be neesmxy.
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The length of the cable sample shall be 5 inches (127 mm). The cable, as supplied by the manufacturer, 

shall be clean of all foreign materials. if not supplied dlean by the manufacturer, the sample length Of cable Shal 

be cleaned with a warm, soap solution to remove any surface deposits, film or residue that may have some impact.  

on ignition. Should any oil, grease or other foreign residue remain on the surface of the cable, it shall be 

removed by the use of methyl, ethyor isopropyl alcohol. Ca hudb ae o owtteisltn rfle 

materials of the cable. The cable shall then be towel-dried -and allowed to stand at room temperature until the 

cable is completely dry. The surface of the cable shall be painted using IKrylon 1602 Ultra-Flat Blacke paint 

After applying the paint, all cable sample surfaces shall be allowed to dry at room temperature (approximately 

7?* F [24" q) for a minimum of 24 hours In the test, the sample shall be placed on the holder/platform. which is 

positioned such that the height of the centerline of the sample is located at the point of maximum heat flux 

intensity determined during calibration of the Flammability Apparatus. 0.5 inch (12-7 mm) of both cable ends 

shall be covered with heavy duty aluminum foil The pilot flame shall be 0.4 inch (10 mm) long established by 

adjusting the flow of ethylene and air, and placed 0.4 inch (10 mm) from the cable surface. The centerline of the 

test cable sample shall be located at the point of maximum heat flux intensity as determined during calibration of 

the Flammability Apparatus. After the sample has been placed on the holder/platform in the Apparatus, the 

water-cooled radiant heater shield shall be raised and power to the radiat heaters shall te turned on and the 

voltage increased to produce the initial test sequence -setting of 158 -Btu/ft /min (30 kW/m). After one minute 

the shield shall be lowered and a stop watch shall be started. The elapsed time on the stopwatch reading shall be 

defined as time to ignition, t. . A split/lap stopwatch shall be used to record flash (entire sample ignites briefly 

but fails to support combusd~n) time(s) as well as sustained ignition time. The flash time(s) and the sustained 

ignition time are then added and averaged; this average value is designated the "time to ignition.' Higher heat 

flux settings may eliminate flash events. An individual piloted ignition test shall be terminated if the cable sample 

fails to ignite after a full 15 minutes, and the test result shall be reported as: NO IGNITION. This procedure 

shall be repeated for each of the radiant heater test sequence given in Table 1. The measured data for time to 

ignition, t. ,. and corresponding external heat fim, qshall be recorded for each of the four samples.  

Derived from the time to ignition is t. Lie., the inverse of its suare root. For each ina~eti h 

heat flux, e.g., 158, 211, 264 and 317 Btu/ft /A~h (30, 40, 50 and 60 kW/m) the corresponding t. mecreasM 
Thermal Response Parameter shall be determined from the slope of the best fitted line formed b~plotting t.  

versus q;on the y-axis and x-axis, respectively. The ignition data may be plotted as each piloted ignition tA is 

completed to check the dispersion of the data points from the best-fit line. An individual, ignition test may be rum 

only if a problem occurred during the initial test that might invalidate the result, eg, a power surge occurred, the 

pilot flame flickered, the stopwatch used to record elapsed time during the test malfunctioned, the water-cooled 

radiant heater shield was not raised when the quartz radiant heaters were first turned on, etc. The Thermal 

Response Parameter shall be determined using a programmable hand-held calculator, a calculator with a built-in 

function that ascertains the best-fit line for a given set of data using the least-mean square procedure, or the 

computer data acquisition data system of the flammability apparatus such as is used at FMRC. Regression 

analysis of the data shall be performed and shall indicate the least-mean square correlation coefficient to be at 

least 0.996, in accordance with the regression analysis such as used at FMRC. This will assure no more than a 5 

percent error in determining the Thermal Response Parameter of a cable. When ignition occurs at all heat 

fluxes, but the correlation coefficient is determined to be less than 10.926, the data shall be plotted as shown in 

Appendix A, Figure A-1. If the plot clealy indicates that the 30 kW/m data point is outside the linear rgnge, it 

shall be discarded and a substitute ignition test conducted at a heat flux of either 45 or 55 kW/m. The 

correlation coefficient of the resulting four points shall then be calculated, should it be found to be ssthan 

0.996, four additional piloted ignition tests at the heat fluxes normally selected betweer2 0 and 60 kW/m shall be 

conducted. If the ignition plot does not suggest curvilinear behavior at the 30 kW/m heat flux, four additional 

ignition tests shall be performed at different heat flux settings.  

If ignition of the test sample does not occur at 30 kW/m 2 after a full 15 minutes, and the correlation coefficient 

for the remaining three ignition points is greater than or equal to 0.996, the Thermal Response Parameter of the 

sample shall be determined from these three points; should the correlation coefficient be less than 0.996. five 

additional ignition tests at elevated heat fluxes are require 2. Experience has also shown that it is not uncommon 

for certain cables to fail to ignite at both 30 and 40 kW/m . In such a situation, six additional ignition tests shal 

be conducted with the heat fluxes selected so that the eight total data points are distributed with three each at 60
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and 55 kW/m , and the remaining two points at 50 kW/m . Although it is unlikely that such added tests will 

significantly improve the correlation coefficient, the confidence level mn the best-fit line drawn through the eight 

data points will dlearly be higher. Statistically, the best-fit line through the eight points (rather than through only 

two or three) more closely represents the mean average of the total population of the manufactured cable.  

Some cable samples, especially thrse which are manufactured with fluoropolymer jacket, fall to ignite at the heat 

fluxes of 3 4q or even 50 kW/m . In such eases, the cable shall be assigned a Thermal Response Paramete of 

500 kWs /mn.  

After the tests for piloted ignition have been completed, tests following the Fire Propagation Test Method 

described in Appendix C shall be performed 

WARN4ING: WEAR SAFETY GLASSES AND EAR PROTECTORS. HANDLE SAMPLES WITH PROTEcIWE GLOVES.  

DO NOT REMOVE HOT CABLE SAMPLES FROM THE APPARATUS AFKER THE TES; WAIT~ UNTIL, THEY 

ARE COOLED. AFTER THE TEST, DISCARD THE COLD RESIDUE IN SPECIAL CONTAINERS.
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BASTANLESS STEEI DCT 

STANLESS STEELD-C 

STANLESS STEEL 
TESTIW4 PIECE 

PORT NJ~eER TW-E-GA5 EASnaEN 

PORTS I o OPNE a TW 

LLIM ETEHS tB 

PORT TLE OEGS ~fR"TF 

PCP A4.. ERU TYwo-OE TSkMPR 

STAINLES STEE MA

Figure B-1. Factory Mutual Rea~rch 30 kW Flammability Apparatus
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- pILOT FLAW.

CABLE ENDS COVERED WITH ObIN 
A~JLuIImN FOIL

Fig=r B-2- Pilted Ignition Teat Method Setup

cABLE
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FIRE pROPAGATION TEST METHOD 

I GENERAL 

The objective of the fire propagation test method is to obtain the generation rates for CO an 0 o 

determining the Chemical Heat Release Rate for the evaluation of fire propagation behavior and for detemnn 

the Fire Propagation Index Testing is conducted in the Factory Mutual Research Corporation Flammability 
50kW Apparatus.  

II TEST APPARATUS 

The Factory Mutual Research Corporation 50 kW Flammability Apparatus is shown in Figure B-i. An 

overall sketch of the Apparatus in Figure C-i shows the lower part of the Apparatus where the cable sample is 

placed for fire propagation testing.  

For fire propagation testing a minimumn cable sample length of 32 inches (0.81 in) with a diameter not 

exceeding 2.0 in. (5.08 cm) is required. Except for jacketed metalic-armored cables, where the top 6 inches (0.15 

mn) of the jacket shall be removed, the exterior surface of the cable sample shall not be coated, cut, or otherwise 

changed or modified. Using the FMRC test sample holder as an example, the cable is inserted into the holder 

until it rests upon the base, is centered, then fastened near its bottom by thre set screws in the base of the 

holder, and finally held firmly near its upper end by #24 gauge nichrome wire attached to the two upright 

supports. If other sample holder designWs are used, the cable sample shall also be positioned so that it is centered 

and rests upon the base of the holder. In the test, the sample is surrounded by a quartz or Pyrex tube, 6 inches 

(152 mmn) in diameter approximately 17 inches (432 mmn) in length. Placed on top of the quartz or Pyrex tube is a 

6 inch (152 mmn) diameter stainless steel extension tube approximately 10 inches (254 m-) in length which directs 

all gases and particulates into the collection funnel. Holes 3/8 inch (9.5 -i) in diameter are drilled through the 

tube, vertically, for observation purposes. The cable height is adjusted so that 3.0 inches (76 mmn) above the top 

edge of the base of the sample holder corresponds to the peak level of the directed external heat flux The 

maximum heat flux location is determined during calibration testing of the instrumenL The total vertical cable 

length above the base of the sample holder shall be 2 ft (0.61 in), and the cable length below this point shall be a 

minimum of 8 inches (0.20 in). The purpose of this lower, shielded end of the cable sample is to provide an 

adequate "cool" zone to minimiz the likelihood that the sample will burn completely down to its bottom end and 

ignite any pooled liquid and/or gaseous cable decompositon products that may be present, creating a 'pool flre 

that is unrepresentative of actual cable fires 

The cable sample is surrounded by four radiant heaters and is exposed to 264 Btu/ft min (50 kW/m2) 

of external heat flux. For the ignition of the combustible cable vapors a pilot flame located 3-5 inches (88.9 mmn) 

above the bottom end of the cable is used. The pilot flame, adjusted to produce a blue-white flame, consists of a 

horizontal ethylene-air premixed flame, established at the ceramic tip of a 0.25 inch (6 mmn) diameter metallic 

tube attached to ethylene and air cylinders. The pilot flame is about 0.4 inch (10 mmn) long and is located within 

0.4 inch (10 mmn) from the cable surface as indicated in Figure C-i.  

In the fire propagation test, for the simulation of large scale flame radiation conditions, air with an 

oxygen concentration of 40% is introduced at the air distribution chamber inlet and travels upward through the 

quartz (Pyrex) tube at a flow rate of 7 din (200 1 /min) as shown in Figure C-i. The oxygen concentration of air 

is monitored by an oxygen analyzer and an air flow meter.  

The fire products generated during fire propagation are captured in the sampling duct of the Apparatus 

as shown in Figure C-1. In the sampling duct, fire products and air are allowed to mix well before measurem~ents 

are made for the concentrations of carbon monoxide (CO), carbon dioxide (CO), and volumietric flow rate (v).
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The detailed description of the analyzers, calibration procedures and calculation formulas are described 

in the Factory Mutual Research Corporation Technical Report J1 OM2E1LRC "Electrical Cables - Evaluation of 

Fire propagation Behavior and Development of a Small-Scale Test Protoco".  

I ITST PROCEDURE 

The equipment calibration procedures of the Factory Mutual Research Corporation Flammability 

Laboratory shall be used. The cable outer diameter shall be measured (the volume by displacement method, with 

the ends of the cable sealed with tape, is most accurate and is preferred) and recorded. An example of a typical 

test data sheet is shown in Appendix D. The cable diameter, along with the other test data requested by the data 

sheet, shall be entered into the computer.  

The length of the cable sample shall be 32 inches (0.81 in). The cable, as supplied by the manufacturer, 

shall be clean of all foreign materials. If not supplied clean by the manufacturer, the sample length of cable shall 

be cleaned with a warm, soapy solution to remove any surface deposits, film or residue that may have some 

impact on ignition. Should any oil, grease or other foreign residue remain on the surface of the cable, it shall be 

removed by the use of methyl, ethyl or isopropyl alcohol. Care should be taken not to wet the insulation or filler 

materials of the cable. The cable shall then be towel-dried and allowed to stand at room temperature until the 

cable is completely dry. For jacketed metalic-armored cables, the top 6 inches (0.15 m) of the jacket shall be 

removed, preferably with a sharp utility knife. Jacketed metallic-armored cables are susceptible to atorching" 

behavior when the jacket covers the entire length of the sample. The vaporous decomposition products of the 

cable material within the armor that routinely exit the top of this type of cable during the test can be ignited by 

the burning external jacket. Such "torching: is unrepresentative of actual cable fires, and the removal of the top 6 

inches of the jacket creates a "buffer zone" to minimize the likelihood of this behavior occurring. The sample 

shall be secured to the cable sample holder, both of which are then inserted into the central bore of the air 

distribution chamber.  

The exhaust stack blast gate shall then be opened. The data acquisition system used shall be turned on 

to facilitate the monitoring of the calibration process. The exhaust stack's pressure transducer shall be adjusted 

to its reference zero value with the exhaust blower off. The exhaust blower shall be turned on. The CO 2,CO and 

0 2 analyzers shall be calibrated.  

The pilot flame shall be lit and the ethylene and air mixture adjusted to produce a flamie cone length of 

0.4 inch (10 mm). The horizontal flame shall then be directed to within 0.4 inch (10 mm) of the cable's outer 

diameter surface. The quartz (Pyrex) tube shall be placed over the sample. The stainless steel extension tube 

shall be placed on top of the quartz (Pyrex) tube. The air flow into the bottom of the quartz (Pyrex) tube shall be 

set at 7 cfmn (200 1 /min). The oxygen concentration in the air entering the quartz (Pyrex) tube shall be increased 

to 401 1% by adding a metered concentration of 100% oxygen while also masintaining the proper apparatus air 

flow of approximately 7 cfm (200 1 /min).  

A test parameter file shall be created in the computer data acquisition system of the flammablt 

apparatus. Upon .completion of the parameter file, the test program shall be initiated to compile three minutes of 

background data (ambient conditions). The pilot flame shall be lit. The cable sample cooling shield shall be 

raised and its cooling water supply turned on for both the shield and the infrared radiant heaters. The infrared 

radiant heater's cooling air shall e turned on. The infrared radiant heater's power controller shall be turned on 

and adjusted to the 264 Btu/ft/inn(50 kW/in) setting, wich should be stabilizedwiti 30 seconds. An 

additional 30 seconds shall be allowed, but not exceeded, before the start of the test is initiated. This protocol 

prevents re-radiated heat from affecting the cable above the protective cooling shield.



FACTORy MUTUAL RSEARCH CORPORATION

3972 DRAFT Pageh 179 

APPENDIX C APPENDIX C 

The test shall now be started and a hand-held split/lap stopwatch immediately activated. The 

stopwatch shall be utilized to record event times, such as time to ignition. Thie coolig shield shall be dropped at 

the 30 second mark of dhe test. Observations of events and their times shall be noted. As the cable is exposed to 

the energy produced by the infrared radiant heaters, vapors will be generated. When they reach a combustible 

concentration, the vapors will be ignited by the pilot flamie. Following the cable ignition, the pilot flame shall be 

turned off to prevent degradation of the quartz (Pyrex) tube. During the course of the test, exhast gasec are 

drawn from the exhaust stack and analyzed, and their concentrations of carbon monoxide (CO) and carbon 

dioxide (CO ) recorded. The volumetric flow rate ( ) shall be measured and recorded using the exhiaust 

stack-snount&e pitot tube. The cable shall be allowed to burn until it self-extinguishes. The program shall 

continue compiling data for three additional minutes following the extinguishment of die cable. After the three 

minutes have elapsed, the test program shall be terminated and the infrared radiant heaters and the 

supplementary oxygen supply shall be turned off. The cooling water and the air supply shall remain on until the 

end plates of the infrared radiant heaters reach a temperature which is cool to the touch. .It is also advisable that 

th xas lwrb eto oadteqat uei t ofn-~npoes The quartz tube shouild not be 

handled until it reaches ambient temperature; otherwise, the tube is very susceptible to cracking if disturbed while 

it is at an elevated temperature. Normally, 30 minutes are required for the tube to reach ambient temperature.  
The exhaust blower shall then be turned off.  

Following completion of the test, the computer data acquisition system of the flammilit apparatus 

shall process and format the accumulated data before the test results are printed. The computer software shall 

include an averaging program to "smooth out" the calculated FPI data generated over the length of the test. The 

program shall compute the 5-point rolling average of the Fire Propagation Index (the average of the CO and the 

CO 2 generation rate over 15 seconds, converted to FPI values, at the typical scan rate of the one scan every three 

seconds) and store the average peak FPI for the duration of the test Such an averaging program is required to 

prevent an unrepresentative , transient fire "spike" from unduly influencing the peak FPI value that is reported 

and upon which the FMRC Group Number is base&. Subsequently, a computer plot of the successive changes in 

the average Fire Propagation Index (0-30) versus time.. A sample plot is shown in Appendix D. The Fire 

Propagation Index scale is divided into three Group Classifications identified as Group 1 (< 10), Group 2 1;--10, 

< 20), and Group 3 (-20). If agroup boundary isreached roseda ay ie, t all be rated by eea 
higher Group classification.  

For FMRC Specification Tested Products Listing, three individual fire propagation tests are required 

for each cable submitted for listing, The three FPI peak values determined shall also be subjected to a statistical 
evaluation to determine their mean and standard deviation values. These calculated values shall then be 

substituted into the equation below. The FPI value thus obtained shall be the average peak value of the sample 

population, which shall be the basis of the FMRC Group Number classification of the cable sample.  

FPI = 1.1 S + X x 

where 1.1 =90% confidence level factor for the sample size of three 

S Standard deviation 

X Mean (average) value.  

WARNING: WEAR SAFETY GLASSES AND EAR PROTECTORS, HANDLE SAMPLES WITH PROTECTIVE GLOVES.  

DO NOT REMOVE HOT CABLE SAMPLES FROM THE APPARATUS AFTER 7 HE T=S; WAIT UNTIL ThEY 

HAVE COOLED. AIFTER THE TEST, DISCARD THE COW RESIDUE IN SPECIAL CONTAINERS
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STAINIESS STEEL 
FUNNEL 

HOLES 3/6IN DIA 
FOR OBSERVATIOIS 
PURPOSES

CABLE

TO EXHAUST HOOD 

- AL4 TUBSE 

- CABLE SIPPOPT

TUBE

RADIANT HATER

CABLE HOLDER/PLATFORM
OXYGEN & AIR

RADIANT I-EATER

Figure C-1. FMRC (50 kW Scale) Flammability Apparatus, Lower Part
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TES DATA SHEET (An Example)

Sample Number 
Sample: 
Cable Type: 
Manufadturer/Supplier 
Cable Insulation: 
Cable Jacke.
Conductor Size:, 
Number of Conductors/Volts: 
Diameter.~ 
Critical Heat Flux: 
Chemical Heat of Combustion: 

Fire PrO~agation Test Condition 
Apparatus: 
Cable Length: 
Ignition Flux: 
Oxygen Concentration: 
Factory Mutual Classification:

RS 0001 (3-22-88) 
EPRI (FMRC #6) 
Not Known 
Not Known 
Polyethylene (PE) 
Polyvinyl Chloride (PVC) 
I2AWG.  
3 / Not known 
0.011 m.2 
10 kW/m 
Not Determined 

50 kW-Scale 
0.508m2 
50 kW/m 2 

40% 
Group 3

200 400 00 so0 1000 
Time [seconds]

Graph D-1. Fire Propaption Index Curica

W25 

0 20 

15 
96Is 

10



FACTORY MUTUAL RESEARCH CORPORATION

Page 20

3972 DRAFT 

APPENDIX E

March 1994 

APPENDIX E

UNITS OF MEASUREMENT 

in. - "inches" 
(mm - "millimeters") 

mm = in.x 25.4 

ft - leer 
(M - *meters*) 

m = ftx 0.3048 

ft /min - "cubic feet per minute" 
(I /min - liters per minute) 

1 /'min = ft /minx 28.32

TEMPERATURE:

ENERGY:

(o C - "degrees Celsius") 

0 C = (*F -32)x 5/9

Btu/f 2 /min - *British thermal units per 

2 square foot per minute" 

(kW/m 2:"kilowatts per Square Meter" 

kW/M2 - Btu/ft2 /min x 0.1891

LENGTH:

VOLUME:



IP3-ANAL-FP-01392, Fire Seal Evaluation Revision 1

ATTACHMENT 6.3 

Evaluation No. 5, Revision 1 of ENG-527 

Penetration Fire Seal Program



ENG-527, Fire Barrier Inspections

Penetration Fire Seal Program 
Evaluati on No. 5, Rev. 1 

1.0 PURPOSE 

To establish criteria which will be used to evaluate those 
fire test reports referenced as qualification fire tests of 
typical design details of fire barrier penetration seals at 
Indian Point 3.  

2.0 REFERENCES 

2.1. Report titled "Review of the Indian Point Station Fire 

Protection Program", dated December 1976, revised April 1977 

2.2 NRC Letter to the Authority dated -April 26, 1978 regarding 

Request for Additional Information.  

2.3 NRC Letter to the Authority dated June 1, 1978 regarding Staff 

Position P4, Cable Penetration Firestops.  

2.4 Authority Letter IPO-125 to the NRC dated June 29, 1978 

regarding response to RfAI requested April 26.  

2.5 Authority Letter IPO-163 to the NRC dated October 23, 1978 
regarding Staff Position P4, Cable Penetration Firestops.  

2.6 NRC Letter to the Authority dated March 6, 1979 'regarding the 
issuance of Amendment 24 to the facility operating license.  
Reference Section 4.9.  

2.7 Authority Letter (JAF, JPN-80-53) to the NRC dated November 
20, 1980 regarding License Amendment 47, Open Item 3.1.20, 
Electrical Cable Penetration Qualification.  

2.8 NRC Letter to the Authority (JAF) dated February 13, 1981 
regarding supplemental review and evaluation of Open Item 
3.1.20, Electrical Cable Penetration Qualification.  

2.9 NUREG 75/087; Branch Technical Position (BTP) APCSB 9.5-1, 
Appendix A, "Guidelines for Fire Protection for Nuclear Power 
Plants Docketed Prior to July 1, 1976"1, dated August 23, 1976 

Prepared By /Date: 

Reviewed By /Date:ILim 

Approved By /Date 1



2.10 NUREG 0800; Branch Technical Position CMEB 9.5-1, Revision 2, 

"Guidelines for Fire Protection for Nuclear Power Plants", 
dated July 1981 

2.11 ASTM E-119, "Standard Test Method for Fire Tests of Building 
Construction and Materials" 

2.12 ASTM E-814, "Standard Test Method for Fire Tests of Through
Penetration Fire Stops" 

2.13 IEEE-634, "IEEE Standard, Cable Penetration Fire Stop 
Qualification Test" 

2.14 Information Notice 88-04 including Supplement 1, "Inadequate 
Qualification and Documentation of Fire Barrier Penetration 
Seals", dated February 5, 1988 and. August 9, 1988 
respectively.  

2.15 NRC Generic Letter 86-10, "Implemenftation of Fire Protection 
Requirements", dated April 24, 1986 

2.16 *Con Ed Specification E-6068-3; "Fire and Heat Resistance Tests 
on 600V Power and Control Cable and Switch Board Wires" (refer 
to Attachment 1).  

2.17 EPRI Report NP-1200; "Categorization of Cable Flammability 
Part 1: Laboratory Evaluation of Cable Flammability 
Parameters", dated October 1979.

page 2 of 11



3.0 DISCUSSION 

Fire barrier penetration seals are installed with the intent 
that they will remain in place and retain their integrity when 
subjected to an exposure fire and subsequently, a fire 

suppression agent. In return, this will provide reasonable 
assurance that the effects of a fire are limited to discrete 

fire areas or zones and that one division of safe shutdown 
system will remain free of fire damage.  

3.1 Historical Guidance 

Branch Technical Position 9.5-1, Appendix A, Section D.l.(j) 
discusses design parameters for the installation of fire seals 
and electrical penetrations to the extent that: 

Penetrations in these fire barriers including conduit and piping should be sealed or 
closed to provide a fire resistance rating at least equal to that of the barrier itself.  

If barrier fire resistance cannot be made adequate, fire detection and suppression should 
be provided, such as: 

Ni Water curtain in case of fire, 
Ni) Flame retardant coatings, 
(Ni) additional fire barriers 

Cable and cable tray penetrations of fire barriers (vertical and horizontal) should be 
sealed to give protection at least equivalent to that of the fire barrier. The design of fire 
barriers for horizontal and vertical cable trays should, as a minimum, meet the 
requirements of A STM E- 119, "Fire Test of Building Construction and Materials,' 
including the hose stream test.

This position was later revised to include both clarif icat-ion 
and expansion of the guidance regarding: testing and 
qualification of penetration seals, and to address the concern 
of internal conduit seals and smoke and hot gas seals. This 
guidance is not specifically applicable to Indian Point 3 due 
to the age of the plant and other specific commitments made 
relative to Amendment 24 to the facility operating license.  
However, the guidance has been included in this evaluation as 
a matter of completeness. Per NUREG 0800 (BTP CMEB 9.5-1), 
Section 5.a.(3): 

Openings through fire barriers for pipe, conduit and cable trays which separate fire 
areas should be sealed or closed to provide a fire resistance rating at least equal to that 
of the barrier itself. Openings inside conduit larger than 4 inches in diameter should be 
sealed at the fire barrier penetration. Openings inside conduit 4 inches or less in 
diameter should be sealed at the fire barrier unless the conduit extends at least 5 feet 
on each side of the fire barrier and is sealed either at both ends or at the fire barrier 
with non-combustible material to prevent the passage of smoke and hot gases.
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Penetration designs should utilize only noncombustible materials and should be qualified 
by tests. The penetration qualification tests should use the time-temperature exposure 
curve specified by A STM E- 119, -Fire Test of B9uilding Construction and Materials.'w 
The acceptance criteria for the test should require that: 

(a) The fire barrier penetration has withstood the fire endurance test without the 
passage of flame or ignition of cables on the unexposed side for a period of time 
equivalent to the fire resistance rating required of the. barrier.  

(b) The temperature levels recorded for the unexposed side are analyzed and 
demonstrate that the maximum temperature does not exceed 3259 F.  

(c) The fire barrier penetration remains intact and does not allow projection of 
water beyond the unexposed surface during the hose stream test. The stream 
shall be delivered through a 1- 1/2 inch nozzle set at a discharge angle of 30% 
with a nozzle pressure of 75 psi and a minimum discharge of 75 gpm with the 
tip of the nozzle a maximum of 5 ft from the exposed face; or the stream shall 
be delivered through a 1- 1/2 inch nozzle set at a discharge angle of 15% with 
a nozzle pressure of 75 psi and a mininrium discharge of 75 gpm with the tip of 
the nozzle a maximum of 10 ft from the exposed face; or the stream shall be 
delivered through a 2-1/2 inch national standard playpipe equipped with 1- 1/8 
inch tip, nozzle pressure of 30 psi, located 20 ft from the exposed face.  

3.2 1P3 Related Commitments 

During a site visit, the NRC promulgated a staff position 
regarding the qualification of cable penetration firestops to 
the extent that: 

Staff Position P4 

Cable Penetration Firestops should be qualified to a rating equal to the rating of the fire barriers.  
Firestop qualification may be accomplished by performing tests of the IP-3 firestop design to 
show conformance with the following position and provide the results of tests on equivalent 
design which have already been qualified and the basis for the equivalency. The tests should 
be performed in accordance with ASTM E- 119, with the following exceptions: 

a. The cable used in the test should include the cable insulation material used in 
the facility.  

b. The test sample should be representative of the worst case configuration or 
cable loading, cable tray arrangement and anchoring, and penetration firestop 
size and design. The test sample should also be representative of the cable 
sizes in the facility. Testing of the firestop in the floor configuration will qualify 
the firestop for use in the wall configuration also.  

C. Cables penetrating the firestop should extend at least three feet on the 
unexposed side and at least one foot on the exposed side.  

d. The firestop should be tested in both directions unless the firestop is 
symmetrical.
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e. The firestop should be tested with pressure differential across it that is 
equivalent to the mnaximum pressure differential a firestop in the plant is 
expected to experience.  

f. Temperature levels of the cable insulation, cable conductor, cable tray or 
conduit, and firestop material should be recorded for the unexposed side of the 
firestop.  

g. Acceptance criteria - the test is successful if

1. The cable penetration firestop has withstood the fire endurance test 
without passage of flame or ignition of cable on the unexposed side for 
a period equal to the required fire rating, and 

2. The temperature levels recorded for the unexposed side are analyzed 
and demonstrate that the maximum temperatures are sufficiently below 
the cable insulation ignition temperature, and 

3. The firestop remains intact arid does not allow projection or water 
beyond the exposed surface during the hose stream test.  

3.3 General Test Method and Acceptance Criteria of ASTM E-119 

Although not specifically written to address the testing and 

qualification of fire seals, ASTM E-119 was reviewed for its 

general test method and acceptance criteria. Conditions of 
acceptance and qualification of a test assembly (fire wall) 
shall be based on the following: 

0 The (test assembly] shall have withstood the fire and hose stream test.. without 
passage of flame, of hot gases hot enough to ignite cotton waste, or of the hose 
stream. The assembly shall be considered to have failed the hose stream test if an 
opening develops that permits a projection of water from the stream beyond the 
unexposed surface during the time of the hose stream test.  

0 Transmission of heat through the [test assembly] shall not have been such as to raise 
the temperature on its unexposed surface more than 25O F above its initial 
temperature.
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The conditions of acceptance and qualification are intended to 
demonstrate the limiting heat transmission capability of a 
test assembly and structural integrity. During the 
construction of the test assembly, the standard recognizes 
that thermocouple placement 'on the unexposed side is important 
in providing a representative average temperature rise so that 
the review and qualification can be consistently applied to 
each assembly tested. Per Section 6.2: 

None of the thermocouples shall be located opposite or on top of beams, girder.Z, 
pilasters, or other structural members if temperatures at such points will obviously be 
lower than at more representative locations. None of the thermocouples shall be 
located over fasteners such as screws, nails or staples that will be obviously higher or 
lower in temperature than at a more representative location if the aggregate area of any 
part of such fasteners on the unexposed surface is less than 1 % of the area within any 
6 inch (1 52mm) diameter circle, unless the fasteners extend through the assembly.  

The standard provides further discussion regarding the 
construction of the test assembly as it relates to "service or 
through-penetrations". Section X. 5.7.4 states that: 

Although the standard does not contain specific criteria for judging the impact of 
through joints nor "poke -through"' devices such as electrical or telephone outlets, it 
should be recognized that these components should be evaluated with respect to 
structural performance and temperature rise -criteria if they constitute a significant part 
of the test assembly.  

3.4 Other Industry Standards and Guidance 

IEEE 634 

IEEE-634 which does address the testing and qualification of 
electrical fire seals was also reviewed for general test 
method and acceptance criteria. Conditions of acceptance and 
qualification of a test assembly (firestop) shall be based on 
the following: 

0 The cable penetration fire stop shall have withstfood the fire endurance test as specified 
without passage of flame or gases hot enough to ignite the cable or other fire stop 
material on the unexposed side for a period equal to the required fire rating.  

0 Transmission of heat through the cable penetration fire stop shall not raise. the 
temperature on its unexposed surface above the self-ignition temperature as determined 
in ANSI K65. 111-1971 of the outer cable covering, the cable penetration fire stop 
material, or material in contact with the cable penetration fire stop, when measured in 
accordance with 5.3. 10 and 5.3. 11. For power generating station, the maximum 
temperature is 7000-F.  

0 The fire stop shall have withstood the hose stream test without the hose stream 
causing an opening through the test specimen.
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ASTM E-814

ASTM E-814 which also addresses the testing and qualification 
of electrical fire seals was reviewed for general test method 
and acceptance criteria. Conditions of review leading to 
acceptance and qualification of a test assembly (firestop) 
shall be based the appropriateness of either of two separate 
rating criteria. The first being an 'IF Rating" and the second 
being a "IT rating,". The F rating is based on the observation 
of the passage of flame and the T rating is based on the both 
the observation of the passage of flame and a temperature 
limitation of 3250 F above ambient. Conditions of acceptance 
and qualification of both rating criteria shall be based on 
the following: 

F Rating: 

A fire stop shall be considered as meeting the requirements of an F rating when it remains in 
the opening during the fire test and hose stream test Wvthin the following limitations: 

0 The fire stop shall have withstood the fire test for the rating period without permitting 
the passage of flame through openings, or the occurrence of flaming on any element 
of the unexposed-side of the fire stops.  

0 During the Hose stream test, the fire stop shall not develop any opening that would 
permit a projection of water from the stream beyond the unex posed side.  

T Rating: 

A fire stop shall be considered as meeting the requirements of a T rating when it remains in the 
opening during the fire test and hose stream test within the following limitations: 

0 The transmission of heat through the fire stops during the rating period shall not have 
been such as to raise the temperature of any thermocouple on the unexposed surface 
of the fire stop or on any penetrating item more than 3250F (18 1 OF) above its initial 
temperature. Also, the fire stop shall have withstood the fire test for the rating period 
without permitting the passage of flame through openings, or the occurrence of flaming 
on any element of the unexposed side of the fire stops.  

* During the Hose stream test, the fire stop shall not develop any opening that would 
permit a projection of water from the stream beyond the unexposed side.  

It should be noted that the standard recognizes the validity 
of two separate arguments regarding the use of the 
temperatures of the unexposed surface to determine the 
performance of the fire stop to the extent that the authority 
having jurisdiction may choose either of the rating criteria 
depending of construction and the particular needs of the 
building.
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IN 88-04

Information Notice 88-04 provides guidance with regard to 
conditions of acceptance when reviewing through penetrations 
to the extent that higher temperatures at through penetrations 
are permitted when justified in terms of cable ignitability.  

3.5 Review of Maximum Temperature on the Unexposed Surface 

The guidance and acceptance criteria of Staff Position 4 
provides a means to evaluate the maximum temperature levels 
recorded on the unexposed surface to the extent that "1... the 
maximum temperatures are sufficiently below the cable 
insulation ignition temperature". For the purpose of this 
evaluation, cable insulation ignition temperature has been 
defined as the minimum temperature to which a cable must be 
heated to in order to initiate or cause self-sustained 
combustion independently of the heating or heating source.  

Since data regarding the cable insulation ignition temperature 
of cable used at 1P3 is not readily available nor practical to 
*obtain, the cable insulation ignition .temperatures were 
evaluated based on past and current quality assurance 
requirements imposed at the time of purchasing.  

As part of the past as well as the current quality assurance 
requirements imposed at the time of purchasing, samples of the 
cables types to be purchased were submitted to what has been 
commonly referred to as the Con Ed "Bon-f ire Test". The Con 
Ed "Bon-f ire Test" consists of exposing for 5 minutes, bundles 
of three to six cables to a flame produced by igniting 
transformer oil in a 12 inch pail. The cable are supported 
horizontally over the center of the pail with the lowest cable 
3 inches above the top of the pail. The time to ignite the 
cable and the time the cable continued to flame after the fire 
extinguished were noted (refer to Attachment 1).  

While the test did not specifically record the temperatures at 
which the cable ignited, it is conservative to assume that the 
initial temperature of the flame at the point of impingement 
at time zero of the test was approximately 1000-1200OF and was 
maintained for a period of 5 minutes as the transformer oil 
continued to burn. It is also recognized and implied as part 
of the conditions of acceptance and qualifications, that the 
cable would not self-sustain combustion independent of the 
transformer oil, pail fire as the time period the cable 
continued to burn was recorded. Therefore, based on a review 
of the test conditions under which the cables were subjected 
and the relative small mass of the cables verses the 
temperature and duration of the fire, a minimum self-ignition 
temperature of 700OF has been established for the purpose of 
this evaluation.
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Based on the previous discussion, the general test method and 
acceptance criteria which will be used to evaluate the fire 
test reports which support the qualification of an approved 
seal design at Indian Point 3, is as follows: 

1. The tested configuration shall be subjected to a 3-hour 
fire endurance test (or lesser exposure if a lesser fire 
rating is required) which corresponds to the standard 
time-temperature curve as specified in ASTH E-119, 
"Standard Methods of Fire Tests of Building Construction 
and Materials".  

2. The tested configuration has withstood the fire endurance 
test without the passage of flame or gases hot enough to 
ignite cable, other penetrating items or seal material on 
the unexposed side. The maximum temperature is,7000F.  

3. The unexposed side field thermocouple temperatures of the 
tested configuration shall not exceed 250OF plus ambient.  
The unexposed side interface and penetrating items 
thermocouple temperatures of the tested configuration 
should not exceed 250OF plus ambient. Penetration 
configurations whose temperatures exceed 250OF plus 
ambient may be evaluated and qualified on a case-by-case 
basis as long as all other acceptance criteria has been 
met and the maximum of temperatures recorded on the 
unexposed side are sufficiently below the self-ignition 
temperature of cable, other penetrating items or seal 
material on the unexposed side. The maximum temperature 
is 700 0F.  

4. The tested configuration has withstood an acceptable hose 
stream test where an acceptable delivery of that hose 
stream shall be one of the following: 

a. A 1-1/2 inch nozzle at 3O* discharge angle with a 
nozzle pressure of 75 psi and a minimum discharge 
of 75 gpm at a maximum distance of 5 feet from the 
exposed surface.  

b. A 1-1/2 inch nozzle at 150 discharge angle with a 
nozzle pressure of 75 psi and a minimum discharge 
of 75 gpm at a maximum distance of 10 feet from the 
exposed surface.  

C. A 2-1/2 inch standard playpipe with a 1-1/8 inch 
tip with a nozzle pressure of 30 psi at a distance 
of 20 feet from the exposed surface.
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5. The duration of the hose stream test should be 2-1/2 
minutes per 100 square foot of exposed surface.  

6. The tested configuration shall remain intact without the 
projection of water beyond the unexposed surface for the 
duration of the hose stream test.
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Attachment'1

600V Power and Control Cable and Switch Board Wires" 

(see following pages)
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Record of Conversation 
between A. Tewarson (FMRC)and S. Wilke (NYPA) 

March 3, 1995
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123- Main Street
White Plains, New York 10601 
914 681.6200 

ow NewYork Power Memorandum 
40 Authority 

Record of Conversation 

Participants: Steven Wi C - NYPA Fire Protection Engineer 
Dr. Archibald Tewarson - Factory Mutual Research 
Corp. (FMRC) Manager, Flammability Section 

Date: March 3, 1995 

Re: To discuss a perceived discrepancy between EPRI 
Report NP-1200,, Table 5-1, and EPRI Report NP-1881, 
Table 3-1.  

Ref.: 1. EPRI Report NP-1200 ; "Categorization of Cable 
Flammability Part 1: Laboratory Evaluation of 

Cable Flammability Parameters", dated-October 
1979 

2. EPRI Report NP-1881, "Categorization of Cable 
Flammability, Intermediate -Scale Fire Tests of 
Cable Tray Installations", dated August 1982 

Dr. A. Tewarson was contacted because he was one of the FMRC 

principal investigators for the tests conducted under EPRI Project 
1165-1. These tests were subsequently documented in EPRI Report
NP-1200 and others.  

During the conversation, I pointed out that I believed an anomaly 

exists in Table 3-1 of EPRI Report NP-1881. I indicated that the 

Table identified the self-ignition temperature for a PE/PVC cable 

sample (Sample #5) is cited as 545 0 K and its piloted ignition 

temperature is cited as 789 0 K. I indicated that this conflicts 

with my understanding of the definitions of auto- and piloted 
ignition. I further pointed out that this information is 

identified as coming from earlier; Part I work which is identified 

as being documented in EPRI Report NP-1200.  

Dr. Tewarson indicated that in his earlier work the critical 

temperatures were determined by interpretation and subsequent 

extrapolation of the test data. He briefly discussed some of the 

assumptions that were made which would question the accuracy of 

those determinations. He indicated that he would send me more 

accurate and up-to-date information which address the assumptions 

and refined testing methodology. Dr. Tewarson agreed that the 

cable sample's auto-ignition temperature would not be less than its 

piloted ignition temperature, all things being equal. He further 

indicated that the cable'Is auto- ignition temperature would be equal 
to or greater than its piloted ignition temperature.

Excellence * Innovation * Integrity - Teamwork
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Attachment 6.5 

Summary of Fire Test Reviews 

Electrical penetration fire seal tests are typically performed using 

maximum cable loading and worst case cable construction and jacketing (i.e.  

PVC jacketed cables of 600V rating). -Mixtures typically included single 

conductor cables, multi-conductor cables and large diameter (power) cabl-s 

This Attachment summarizes qualifying test data on the two principle 
designs used to qualify the penetration seals at 1P3. (Additional tests 

have been used to qualify unique parameters but the methodology remains the 

same.) These test details show that penetration seal unexposed surface 

(field) temperatures exceeded 3250F in only three of the eight tests. Only 

one of these three tests was of an electrical penetration, and that field 

temperature was only 330'F, achieved in the final eight minutes of the 

test. The other examples where 325 0F was exceeded were of mechanical 
penetration seal designs where the maximum field temperatures were 357

0F 
and 398'F.  

For each qualifying seal configuration tested of the seals tested no flame 

or ignition of cables occurred on the unexposed side for the period equal 

to the rating and the fire seal remained intact and did not allow water 

projection beyond the unexposed surface during the hose stream test. In 

the fire tests, the maximum temperatures that were be reached on the 
unexposed side are generally due to large diameter (power) cable or 
metallic penetrating items.  

This Attachment represents a summary review of the qualifying tests. For 

details regarding penetrations and testing method as well as post-test 
observations, refer to the actual test reports.
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Attachment 6.5 

Design Detail: E~,Silicone Elastomer Typical Electrical Penetration 
Seals, (Walls & Floors)

1.0 Summary of Detail: 

1.1 Maximum Opening Size: 

1.2 Penetrants Allowed:

1.3 

1.4 

1.5 

1.6

orientation: 

Minimum Barrier Thickness: 

Seal Depth-& Material: 

Notes:

19-1/2 sq.ft.1 

Cable trays 
Condui t

2 

wall or floor 

60, concrete 

60 silicone elastomer with 
no ceramic damming

1) The maximum opening size is also limited by the maximum 
unsupport area (maximum free rectangular area) of,7
1/20 sq.ft.  

2) Internal conduit seals (i.e., fire seal, smoke & hot 
gas seal or no seal) is based on criteria discussed in 
Evaluation 'No. 3 of ENG-527.  

2. 0 Qualifing Fire Tests: 

TS-TP-0018 

TS-TP-0084

Revision 1



Revision 11P3-ANAL-FP-01392, Fire Seal Evaluation 

Attachment 6.5'

E-1 (Continued) 

2.1 Fire Test:- TS-TP-0018

2.1.1 Performed at: 

2.1.2 For: 

2.1.3 Date:

Construction Technology Laboratories 

of the Portland Cement Association 

Tech-Sil, Inc.  

August, 1979

2.1.4 Qualifying Seal Configuration: single opening (blockout)

2.1.4.1 Opening Size: 

2.1.4.2 Penetrants: 

2.1.4.3 Comb. Penetrant &MatE 

2.1.4.4 orientation: 

2.1.4.5 Slab or Wall Thickness

2.1.4.6 Seal Depth & Material: 

2.1.4.7 Max. Unexposed Surface Temp.: 

2.1.4.8 Notes:

32N x 320 opening' 

Two solid bottom cable trays 
2 

Three 40 rigid steel condui ts
3 

One 20 PVC coated flex conduit 
One ground cable'4 

rial: Cables5 & PVC coated 
flex conduit 

Slab 

120, concrete

6 * silicone elastomer 
no ceramic damming 

2400F' in the field, 
-~550'F" on the jacket 
of a 500 MCM cable in 
the power cable tray

1) A* thick steel plate was provided on two sides 
of the opening (at'right angle to each other) to 
simulate a lined or sleeved opening.  

2) One cable trays was a 240"x 4" cable tray filled 
with typical power cables (cable fill approx. 58%, 
actual), and the other was a 240 x. 6m cable tray 
filled with typical control cables (fill approx.  
43% actual).
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Attachment 6.5 

E-1 (Continued) 

2.1 Fire Test: TS-TP-0018(Cofltiflued) 

3) The three rigid conduits internally sealed with 
silicone elastomer were investigated as part of 
the fire test, but was not reviewed as part on 
this review. Internal-conduit seals (i.e., fire 
seal, smoke & hot gas seal or no seal) is based on 
criteria discussed in Evaluation No. 3 of ENG-527.  

4) The Ground cable was fabricated by stripping a 1/C 
1/0 cable.  

5) Cables used were representative of those used at 
W.H.Zimmer NPP. They were primarily cables of.EPR 
insulation and Hypalon jacketing.  

6) A temperature of -750OF was noted on the conductor 
of the 500 MCM cable in the power cable tray.  
This temperature is considered acceptable as the 
cab .le jacket temperature did not exceed 700'F. it 
is believed that 'the temperature gradiant between 
the cable conductor and the outside jacket exists 
due to the insulating properties of the insulation 
and jacket material.  

7) The test was conducted using the standard time 
temperature curve for 3-hours (ASTM E119); fire 
did not propagate to the unexposed side nor did 
any cable igite on the unexposed side during the 
3-hour exposure period. Two hose straem tests 
were perfomed. one in accordance with the 
requirements of ASTM E119 and the other with IEEE 
634-1978. The duration of each hose stream was 24 
seconds. water did not project beyond the 
unexposed surface for the hose stream test period.
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Attachment 6.5

(Continued) 

Fire Test: TS-TP-0084

Performed at: Construction Technology Laboratories 
of the Portland Cement Association 

For: Tech-Sil, Inc.  

Date: April, 1982 

Qualifying Seal Configuration: single opening (blockout) 

opening Size:' 530 x 530 opening' 

Pe netrants: Two cable trays 2 

Other' 

Comb. Penetrant & Material: Cable, (PVC jacketi 

Orientation: Slab 

Slab or Wall Thickness: 6', concrete 

Seal Depth & Material: 6' silicone elastom

2.2.4.7 Max. Unexposed Surface Temp.:

2.2.1 

2.2.2 

2.2.3 

2.2.4 

2.2.4.1 

2.2.4.2 

2.2.4.3 

2.2.4.4 

2.2.4.5 

2.2.4.6
no ceramic damming 

130OF in the f ield, 
413'F at the cable 
tray-to-seal interface

2.2.4.8 Notes: 

1) A 'Am thick steel plate was provided on two sides 
of the opening (at right angle to each other) to 
simulate a lined or sleeved opening.  

2) A 248 x 4' cable tray was filled approx. 110%, 
visual, and a 30' x 4' cable tray was filled with 
approx. 105%, visual.

E-1 

2.2

aIg)
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Attachment 6.5 

E-1 (Continued) 

2.2 Fire Test: TS-TP-0084(Cofltinued) 

3) A piece of unistrut was embedded in the fire seal 
30 below the unexposed surface. The unistrut was 
divided the fire seal in half. The unistrut was 
welded to the %" thick steel plate on one side of 
the opening and anchored to the concrete on the 
other side. Post test observations indicated that 
the unistrut had warped during the exposure fire 
test.  

4) The test was conducted using the standard time 
temperature curve for 3-hours (ASTM E119); fire 
did not propagate to the unexposed side nor did 
any cable igite on the unexposed side during the 
3-hour exposure period. Two hose straem tests 
were perfomed. one in accordance with the 
requirements of ANI test criteria and the other in 
accordance with IEEE 634-1978. The duration of 
each hose stream was 4 minutes and 48 seconds.  
Water did not project beyond the unexposed surface 
for the hose stream test period.
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Attachment 6.5

Design Detail: ~z=A, Silicone Foam, Typical Electrical Penetration 
Seals, (Walls & Floors)

1.0 Summary of-.Detail: 

1. maximum Opening Size: Not limited 

2. Penetrants Allowed: Cable trays 
Conduit' 

3. orientation: wall or floor 

4. Minimum Barrier Thickness: unspecified, concrete 

5. Seal Depth & Material: 10, silicone foam with 10 ceramic 

damming 

6. Notes: 

1) Internal conduit seals (i.e., fire seal, smoke & hot 

gas seal or no seal) is based on criteria discussed in 

Evaluation No. 3 of ENG-527.  

2) Where walls or floors are less than the required 120 to 
support installation of the fire seal within the plane 

of the barrier, the seal can be "boxed-outu exterior to 
the wall plane.  

2.0 Qualifing Fire Tests: 

2.0.1 TS-TP-0004



IP3-ANAL-FP-01392, Fire Seal.Evaluation Rvso

Attachment 6.5

E-4 (Continued) 

2.1 Fire Test: TS-TP-0004

2.1.1 Performed at: 

2.1.2 For: 

2.1.3 Date:

Southwest Reseach Institute 

Tech-Sil, Inc.  

January, 1977

2.1.4 Qualifying Seal Configuration: Penetration No. 1

2.1.4.1 opening Size: 

2.1.4.2 Penetrants:

480 x 48H opening

Four 18, 
trays 
Four 18 
trays

2.1.4.3 Comb. Penetrant & Material: 

2.1.4.4 orientation: 

2.1.4.5 Slab or Wall Thickness: 

2.1.4.6 Seal Depth & Material: 

2.1.4.7 Max. Unexposed Surface Temp.:

wide solid bottom cable 

wide ladder bottom cable

Cable' 

slab

120, concrete 

10m silicone foam' 
with lm ceramic 
damming 

-3 30 F 3in the field

2.1.4.8 Notes: 

1) Each cable tray was filled with 5 cable bundles.  
Each cable bundle consisted of 6-250 MCM cables, 
9-7/C #12 cables and 16-2/C #14 cables. All cable 
was constructed wuith PVC insulation and PVC 
jacketing.  

2) The fire seal was installed such that the damming 
was flush with the exposed side and exposed to the 
furnace and the silicone foam was present of the 
unexposed side of the test slab.  

3) Exact thermalcouple location was not cited. It is 
assumed that the location was in the field on the 
unexposed side seal surface.
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Attachment 6.5 

E-4 (Continued) 

2.1 Fire Test: VT-TP-0004(Continued) 

4) The test was conducted using the standard time 
temperature curve for 3-hours (ASTM E119); fire 
did not propagate to the unexposed side nor did 
any cable igite on the unexposed side during the 
3-hour exposure period. Cable ignition did occur 
for a brief period after the endurance test 
enroute to the hose stream test area. A hose 
straem tests was perfomed in accordance with the 
requirements of ASTM E-119. The duration of the 
hose stream was 82 seconds. water did not project 
beyond the unexposed surface for the hose stream 
test period.

Revision 1



IP3-ANAL-FP-01392, Fire Seal Evaluation Revision 1 

Attachment 6.5 

Design Detail: ~JSilicone Elastomer, Typical Mechanical Penetration 

Seals, (Walls & Floors)' 

1.0 Summary of Detail: 

1. Maximum opening Size: Sleeved or unsleeved,

Penetrants Allowed: 

Orientation: 

Minimum Barrier Thickness: 

Seal Depth & Material:

maximum opening dependant on 
annular gap' 

piping with or without insulation 

wall or floor 

6', concrete 

60 silicone elastomer with 
no ceramic damming

6. Notes: 

1) Maximum annular gap shall be 11-1/4' and the minimum 
annular gap shall be 1/8§. Annular gaps less than 1/8, 
are allowed if the affected area is stuffed with 20 of 
ceramic fiber and covered with a bead of silicone 
adhesive caulk.  

2.0 Qualifing Fire Tests: 

TS-TP-0 048BC 

TS-TP-0073B 

TS-TP-0 075SB
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Attachment 6.5

(Continued) 

Fire Test: TS-TP-0048C

2.1.1 

2.1.2 

2.1.3 

2.1.4 

2.1.4.1

2.1.4.2 

2.1.4.3 

2.1.4.4 

2.1.4.5 

2.1.4.6

2.1.4.7

Performed at: Construction Technology Laboratories 
of the Portland Cement Association 

For: Tech-Sil, Inc.  

Date: August, 1980 

Qualifying Seal Configuration: single opening (corebore) 

Opening Size: 114' diameter unsleeved opening

Penetrants: Two 20 diameter steel pipes. (1-pipe 
was insulated with 1l thick thermal 
insulation and aluminum jacket 

Comb. Penetrant.& Material: None 

Orientation: Slab 

Slab or Wall Thickness: 120, concrete 

Seal Depth & Material: 60 silicone elastomer' no 
ceramic damming 

Max. Unexposed Surface Temp.: 249'F in the field, 690'F on 
the uninsulated pipe

2.1.4.8 Notes: 

1) The fire seal was installed such that the-seal was 
flush with the exposed side and exposed to the furnace.

M- 1 

2.1



1P3-ANAL-FP-01392, Fire Seal Evaluation Revision1 

Attachment 6.5 

M-1 (Continued) 

2.1 Fire Test: TS-TP-0048C 

2) The test was conducted using the standard time 
temperature curve for 3-hours (ASTM E119); fire did not 

propagate to the unexposed side nor did any cable igite 

on the unexposed side during the 3-hour exposure.  

period. Two hose straem tests were perfomed. one in 

accordance with the requirements of IEEE 634-1978 and 

the other in accordance with the requirements of ASTM 

E119. The duration of each hose stream was 12 seconds.  

Water did not project beyond the unexposed surface for 

the hose stream test period.
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Attachment 6.5

M-1 (Continued) 

2.2 Fire Test: TS-TP-0073B

2.2.1 Performed at: 

2.2.2 For: 

2.2.3 Date:

Construction Technology Laboratories 
of the Portland Cement Association 

Tech-Sil, Inc.  

April, 1981

2.2.4 Qualifying Seal Configuration: single opening (sleeve)

2.2.4.1 opening Size: 

2.2.4.2 Penetrants: 

2.2.4.3 Comb. Penetrant & Material: 

2.2.4.4 orientation: 

2.2.4.5 Slab or Wall Thickness:

120 diameter sleeved 
opening 

Two 20 diameter steel pipes. (1
pipe was insulated with 1-1/20 
thick calcium silicate insulation 
and aluminum jacket 

None

Slab

121, concrete

2.2.4.6 Seal Depth & Material: 

2.2.4.7 Max. Unexposed Surface Temp.:

5H* silicone elastomer' no 
ceramic damming 

398'F in the field, 7170F' at 
the interface

2.2.4.8 Notes: 

1) The fire seal was installed such that the seal was 

flush with the exposed side and exposed to the furnace.  

2) The depth of the test fire seal configuration was 58 

with no ceramic damming, if the seal depth had been 
increased to 60, it is expected that the resulting 
maximum unexposed surface temperatures would be similar 

to those experienced in Fire Test TS-TP-0048C.
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Attachment 6.5 

M-1 (Continued) 

2.2 Fire Test: TS-TP-0073B(Continued) 

3) The test was conducted using the standard time 
temperature curve for 3-hours (ASTM E119); fire did not 
propagate to the unexposed side nor did any cable igite 
on the unexposed side during the 3-hour exposure 
period. Three hose straem tests were perfomed. One in 
accordance with the requirements of lEE 634-1978, one 
in acoordance with ANI test criteria and the last in 
accordance with ASTM E119. The duration of each hose 
stream was 12 seconds. Water did not project beyond 
the unexposed surface for the hose stream test period.
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Attachment 6.5

M-1 (Continued)

Fire Test: TS-TP-0075B 

2.2.1 Performed at: 

2.2.2 For: 

2.2.3 Date:

Construction Technology Laboratories 
of the Portland Cement Association 

Tech-Sil, Inc.  

August, 1981

2.2.4 Qualifying Seal Configuration: Penetration H

2.2.4.1 opening Size: 

2.2.4.2 Penetrants: 

2.2.4.3 Comb. Penetrant & Material: 

2.2.4.4 Orientation:

2.2.4.5 Slab or Wall Thickness: 

2.2.4.6 Seal Depth & Material: 

2.2.4.7 Max. Unexposed Surface Temp.:

120 x 120 sleeved opening' 

5-1/0 diameter copper tubes 

1-2%0 diameter pipe with 'A 
thick insulation with an 
aluminum jacket 

none 

Slab

120, concrete 

5N silicone elastomer 
2 

no ceramic damming 

316'F in the f ield, 
603OF at the sleeve
to-seal interface 

2

2.2.4.8 Notes: 

1) A %* thick steel plate was provided on four sides 
of the opening to simulate a sleeved opening. The 
steel plate extended 6" above and 120 below 
(exposed side) the test slab. An 1/8m gap sealed 
with silicone adhesive caulk was also investigated 
as part of the fire test, but was not reviewed as 
part on this review. This type of seal was not 
reviewed as part of the qualifing seal 
configuration.  

2) The fire seal was installed flush with the exposed 
side of the test slab..

2.3
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Attachment 6.5 

M-1 (Continued) 

2.3 Fire Test: TS-TP-0075B 

3) A higher temperature was experienced at the 5/32, 

gap. However, this temperature was not considered 
in this review as it is associated with a fire 
seal of silicone adhesive caulk; refer to Note 1.  

4) The depth of the qualifing seal configuration was 
50 with no ceramic dammning, if the seal depth is 
increased to 60, it is expected that the resulting 
maximum unexposed surface temperatures would be 

similar to those experienced in Fire Test TS-TP
004 8C.  

5) The test was conducted using the standard time 

temperature curve for 3-hours (ASTM E119); fire 
did not propagate to the unexposed side nor did 
any cable igite on the unexposed side during the 
3-hour exposure period. Three hose straem tests 
were perfomed. one in accordance with the 
requirements of lEE 634-1978, one in acoordance 
with ANI Fire Seal Test Criteria and the last in 
accordance with ASTM E119. The duration of each 
hose stream was 12 seconds. Water did not project 

beyond the unexposed surface for the hose stream 
test period.
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Attachment 6.5

Design Detail: M:-La *Silicone Foam, Typical Mechanical Penetration 
Seals, Walls &.Floors' 

1.0 Summary of Detail: 

1.1 Maximum Opening Size: Sleeved or unsleeved, maximum

1.2 

1.3 

1.4 

1.5

Penetrants Allowed: 

Orientation: 

Minimum Barrier Thickness: 

Seal Depth & Material:

opening dependiant on annular 
gap'.  

Piping with or without insulation 

wall or floor

12', concrete 

100 silicone foam with 1m ceramic 
damming

1.6 Notes: 

1) Maximum annular gap shall be 11-5/8' and the minimum 

annular gap shall be 1/16'.  

2.0 Qualifing Fire Tests: 

TS-TP-007 5A 

TS-TP-0050D
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Attachment 6.5

m-8 (continued)

Fire Test: TS-TP-0075A 

2.1.1 Performed at: Construction Technology Laboratories of the 
Portland Cement Association

Tech-Sil, Inc.  

July, 1981

2.1.4 Qualifying Seal Configuration: 

2.1.4.1 Opening Size: 

2.1.4.2 Penetrants: 

2.1.4.3 Comb. Penet. &Material: 

2.1.4.4 orientation: 

2.1.4.5 Slab or Wall Thickness: 

2.1.4.6 Seal Depth & Material: 

2.1.4.7 Max. Unexposed Surface Temp.:

Penetration F 

12" x 120 opening' 

One 2-5/8H diameter steel 
pipe insulated with 1/20 
thick thermal insulation 
and aluminum jacket 
Five 1/40 diameter copper 
tubes 

None 

Slab 

12H, concrete 

90 silicone foam' with 1N 
ceramic damming/M-board 

3570F 3in the field, 391'F on 
the uninsulated pipe

2.1.4.8 Notes: 

1) A %8 thick steel plate was provided on three sides of 

the opening to simulate a sleeved opening. The steel 

plate extended 6" above and 12' below (exposed side) 

the test slab. An 1/8K gap sealed with silicone foam 
and no damming material was also investigated as part 

of the fire test, but was not reviewed as part of this 

review.  

2) The fire seal was installed with the damming material 

flush with the exposed surface and 90 silicone foam 

installed over the 1" thick damming material.

2.1

2.1.2 For: 

2.1.3 Date:
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M-8 (Continued) 

2.1 Fire Test: TR-TP-0075A(ContinUed) 

3) If seal depth is increased to 60 it is expected thatthe 
resulting maximum unexposed surface temperatures would 

be similar to those experienced in Fire Test TS-TP
0050OD 

4) The test was conducted using the standard time 

temperature curve for 3-hours (ASTM E119); fire did not 

propagate to the unexposed side nor- did any cable igite 

on the unexposed side during the 3-hour exposure 
period. Two hose straem tests were perfomed. one in 

accordance with the requirements of ASTM E119 and the 

other with IEEE 634-1978. 'The duration of each hose 

stream was 12 seconds. Water did not project beyond 

the unexposed surface for the hose stream test period.
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M-8 (Continued) 

2.2 Fire Test: Tq-TP-0050D

Revision 1

Performed at: Construction Technology Laboratories 

of the Portland Cement Association 

For: Tech-Sil, Inc.  

Date: August, 1980 

Qualifying Seal Configuration: single opening 

Opening Size: .120 diameter unsleeved opening 

Penetrants: Two 20 diameter steel pipes (one 
pipe was insulated with lo thick 
thermal insulation and aluminum 
jacket) 

Comb. Penetrant &Material: none 

Orientation: Slab 

Slab or Wall Thickness: 120, concrete 

Seal Depth & Material: 10m silicone foam'

2.2.4.7 Max. Unexposed Surface Temp.:

damming 

277'F in the field, 
647'F at the seal-to
pipe interface

2.2.4.8 Notes: 

1) The fire seal was installed such that the silicone 
foam was flush with the exposed side and exposed 
to the furnace and the daxnminfg material was 
present of the unexposed-side of the test slab.

2.2.1

2.2.2 

2.2.3 

2.2.4 

2.2.4.1 

2.12.4.2 

2.2.4.3 

2.2.4.4 

2.2.4.5 

2.2.4.6
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Attachment 6.5 

M-8 (Continued) 

2.2 Fire Test: TS-TP--0050D(Continued) 

2) The test was conducted using the standard time 

temperature curve for 3-hours (ASTM E119); fire 

did not propagate to the unexposed side nor did 

any cable igite on the unexposed side during the 
3-hour exposure period. Two hose stream tests 

were perfomed. one in accordance with the 
requirements of IEEE 634-1978 and the other in 
accordance with ASTM E119' The duration of each 
hose stream was 12 seconds. water did not project 
beyond the unexposed surface for the hose stream 
test period.
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Fa tr 1uu lR s ac 1151 Boston-Providence Turnpike 
P.O. Box 9102 
Norwood, Massachusetts 02062 
Telephone (617) 762-4300 

May 10, 1995 Fax (617) 762-9375 

Mr. Robert Kassawara 
Manager Nuclear Power 
Electric Power Research Institute 
3412 Hiliview Avenue 
Palo Alto, CA 94304 

Reference: EPRI Interim Reports EPRI NP-1200 and 1767, Project 1165-1 and 1165-1-1, 
October 1979 and March 1981 

Dear Mr. Kassawara: 

It has come to my attention that utilities are using the Critical Heat Flux data from these reports 

for the assessment of fur risks 'associated with cable penetration. The data presented in these 
reports, however, are in error due to the following reasons: 

As you know, the EPRI project was the first project to utilize the fundamental knowledge 
of polymer combustion science developed at the Factory Mutual Research Corporation to 
electrical cables. Several assumptions had to be made due to lack of understanding of the cable 
combustion. Two critical assumption applicable to ignition were: 1) surface absorptivities of 
cables are unity, and 2) cables behave as thermally thin, because the jacket as well as the 
insulation are physically thin.  

Since the issuance of the reports, we have been studying the fundamental aspects of the 
combustion of the cables and have developed an extensive data base on the ignition and fire 
propagation of the cables. In fact, the research has led to the development of the Specification 
Standard for Cable Fire Propagation, Class No. 3972 by the Factory Mutual Research 
Corporation. The Standard utilizes the Fire Propagation Index (FPI) concept, where the fire 
propagation behavior is assessed by quantifying the EPI value. The quantification takes into 
account ignition as well as the heat release rate (flame heat flux transferred back to the surface).  
An EPI value of less than 7 would be needed for the cables used in. the nuclear reactors. The FPI 
value based electrical cable standard is being used extensively in our plants throughout the world 
for fire protection needs.  

The FPI value based concept has recently been used for the conveyor belts and a standard 
is to be issued shortly. The U.S. Mine Safety and Health Administration is interested in adopting 
it as a standard test method for conveyor belts to be used in mines. EPRI is in a very good 
position to encourage utilities to adopt the FPL value based standard for cable specifications.  

We now have a data base for the Critical Heat Flux, Thermal Response Parameter, and 
Fire Propagation Index values for over 300 cables. We have not found any cable with .Critical 

* Heat Flux less than 10 kW/m'. We have also performed correlations with the existing IEEE and 
other cable standard test results. We find that the electric cable standards currently in use do not



provide consistent results and no quantitative data are reported. We will be happy to compile the 
data for EPRI for the use of the utilities on a contract basis.  

I will be happy to talk to you and discuss the matter further. My telephone number is 617
255-4940 and my fax number is 617-255-4024.  

With best wishes.

A.Tewarson, Ph.D.  
Manager, Flammability Section 

cc C.Yao, FMRC 
cc R.L.Alpert, FMRC 
cc A.Ettlinger, New York Power Authority
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Cables which do not require :hanneling may be run in any tray or 

conduit; however, once it has 'entered a tray or raceway containing 

a channeled cable, it shall not leave this channel and enter another 

tray containing a cable from a different channel.  

To assure that only fire retardant cables are used throughout the 

plant, a careful study of cable insulation systems was undertaken 

early in the design. Insulationi systems that have superior flame 

retardant capability were selected and manufacturers were invited 

to submit cable samples for testing. An extensive flame testing 

program took place which included ASTM vertical flame testing and 

Consolidated Edison Company vertical flame and bonf ire tests as 

described below. These flame tests were used as one of the means 

of qualifying cables and specifications were written on the basis 

of the results from the tests.  

The following tests were made to determine the flame resistant qualities 

of the covering and insulations of various types of cables for Indian 

Point #2 and #3.

1) Standard Vertical Flame Test - made in accordance with ASTM-D-470-59T, 

"'Tests for Rubber and Thermalplastic Insulated Wire and Cable".* 

2) Five-Minute Vertical Flame Test - made with cable held in vertical 

position and 1750*F flame applied for five minutes.  

3) Bonfire Test - Consisting of exposing, f or five minutes, bundles 

of three or six cables to flame produced by igniting transformer 

oil in 12-inch pail. The cable was supported horizontally over 

the center of the pail,the lowest cable three inches above the 

top of the pail. The time to ignite the-cable and the time the 

cable continued to flame after the fire was extinguished were noted.

( On the basis of these tests, the cables were selected for the reactor 

containment vessel for both Unit #2 and Unit #3.  

*This Standard has since been revised and the provisions of the currently 

approved version [ASTM-D-470-71] are less restrictive than the requirements 

of Tests 2) and 3). Therefore, cable procured by Consolidated Edison after 

1971 is qualified in accordance with the more stringent requirements of the 

Five-Minute Vertical Flame Test and the Bonfire Test.

8. 2-8 Supplement 32 
November, 1975
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FEARi UPDATE 

For physical loading of trays, the following criteria was followed: 6.9 kV 

power, one horizontal row of cables with- spacing was allowed in a tray; 480 

volt power, two horizontal rows of cables were allowed in a tray (if 

derating requirements did not dictate less); for control and instrumen

tation, the tray was f illed to a point just below the top (the total cable 

area for this configuration is 607. of tray cross-sectional area). A com

puter program was used to -monitor cable routing and tray loading.  

Cables which do not require channeling may be run in any tray or conduit; 

however, once it entered a tray or raceway containing a channeled cable, it 

does not leave this channel and enter another tray containing a cable from a 

different channel.  

To assure that only fire retardant cables were used throughout the plant, a 

careful study of cable insulation systems was undertaken early in the 

design. Insulation systems that have superior flame retardant capability 

were selected and manufacturers were i nvited to submit cable sample for 

testing. An extensive flame testing program took place which included ASTM 

vertical flame testing and Consolidated Edison Company vertical flame and 

bonfire tests as described below. These flame tests were used as one of the 

means of qualifying cables and specifications were written on the basis of 

the results from the tests.  

The following tests were made to determine the flame resistant qualities of 

the covering and insulations of various types of cables for Indian Point 
3: 

1) Standard Vertical Flame Test - made in accordance with ASTM-D--470

59T, "Test for Rubber and Thermalplastic Insulated Wire and 

Cable" .* 

2) Five-Minute Vertical Flame Test - made with cable held in vertical 

position and 1750 F flame applied for five minutes.  

3) Bonfire Test - Consisting of exposing, for five minutes, bundles 

of three or six cables to flame produced by igniting transformer 

oil in 12-inch pail. The cable was supported horizontally over 

the center of the pail, the lowest cable three inches above the 

top of the pail. The time to ignite the cable and the time the 

cable continued to flame after the fire was extinguished were 

noted.  

On the basis of these tests, the cables were selected for the Reactor Con

tainment Building for Indian Point 3.  

This Standard has since been revised and the provisions of the currently 

approved, version (ASTM-D-470-71) are less restrictive than the requirements 

of Tests 2) and 3). Therefore, cable procured by Consolidated Edison and 

Wthe Authority after 1971 is qualified in accordance with the more stringent \requirements of the Five-Minute Vertical Flame Test and the Bonfire Test.  

8.2-8 Rev. 1 
7/86



8.45 Branch Technical P osition 2-- 1 i74 '5a 

DAM(e Fire Breaks - Fire breaks should be provided as 
deemed necessary by the fire hazards analysis. Flame or 
flame retardant coatings may be used as a fire break for 
grouped electrical cables to limit spread of fire in cable 
ventings. (Possible cable derating owing to use of such 
coating materials must be considered during design.) 

Conformance With Guidelines 

The fire retardant construction and non-propogating properties of 
the cables used at Indian Point, as described in Paragraph 8.46, 
provide the equivalent of fire breaks between areas. This, in 
conjunction with the firestops described in Paragraph 8.44 
effectively prevents any fire spread through ncbimney" effects.  

Non-Conformance With Guidelines 

None.  

Proposed Change 

None.  

8.46 Branch Technical Position 

D.3(f) Electric Cable Construction -Electric cable 
construction should at least pass the current IEEE No. 383 

-1CE flame test. (This does not infer that cables passing this 
test will not require additional fire protection).  

For cable installation in operating plants and plants under 
construction that do not meet the IEEE No. 383 flame test 
requirements, all cables must be covered with an approved 
flame retardant coating and properly derated..  

Description 

All cables used in Units 2 and 3 are of three general types (1) 
PVC insulated with a closely woven glass braid and overall 
covering of lapped mylar tape and closely woven asbestos braid 
saturated with a flame and moisture resistant finish; (2) EPR 
insulated with a neoprene or lead jacket; (3) Silicone rubber 
insulated with a lapped mylar tape separator and an overall braid 
of closely woven asbestos and finished with a flame and moisture 
resistant saturant.

8-47
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Samples -of -cabl-e types- -used in trits 2 and 3 were submitted to 
the following tests: (1)'Standard Vertical Flame Test - in 
accordance with ASTM-D-470-59T, "Tests for Rubber and 
Thermalplastic Insulated wire and Cable"'. (2) Five minute 
Vertical Flame-made with .cble held in vertical position and a 
1750OF flame applied for 5 minutes.. (3) Bon-Fire Test 
consisting of exposing for 5. minutes, bundles of three of six 
cables to a flame produced by igniting transformer oil in a 12 
inch pail. The cable was supported horizontally over the center 
of the pail with the lowest cable 3 inches above the top of the 
pail. The time to ignite the cable and the time the cable 
continued to flame after the fire extinguished were noted. Some 
low voltage instrument wires will not meet IEEE No. 383 flame 
test requirements. However, since they're used exclusively for 
instrumentation purposes, they have a low energy producing 
capability and will not generate high currents capable of 
igniting the wires.  

In November 1971, during the construction of Unit 2, a temporary 
wooden shanty caugh~t fire. As reported to the then AEC, the 
shanty and the large quantities of combustibles it contained 
produced a tire of sufficient intensity to damage building 
structural members, electrical equipment and cables.  

In spite of the size of this fire, the cables did not burn beyond 
the confines of the fire area nor did they re-ignite once the 
external sources of combustion had been eliminated. This 
experience demonstrated the excellent fire resistant, non
propogating properties of the cable construction used at Indian 
Point.  

Conformance with Guidelines 

The tests performed on the Units 2 and 3 cables are equivalent to 
the IEEE 383 flame test.  

Non-Conformance With Guidelines 

The instrument wires previously noted do not meet the IEEE 3823 
f lame test.  

Proposed Changes 

None. The instrument wires are not safety related nor would they 
add much of a fuel loading to any one area.
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4.5 Floor Drains 

The oil hazards in the turbine building and the diesel 
generator building

are provided with curbs or -trenches to direct any spills to the floor 

drain system, preventing the spread of oil to other areas. This floor 

drain system is not connected to other safety-related 
areas. The diesel 

generator rooms drain separately to an oil-water 
separator and are arranged 

so that a fire would not spread between rooms 
via the drain system.  

We find that the floor drain system contains adequate measures 
to prevent 

spread of oil to safety-related areas and satisfies the objectives 
of 

Section 2.2 of this report. We, therefore, find the drain system accept

able.  

4.6 Lighting Systems 

The plant is provided with a normal and emergency lighting system. Lighting 

in critical plant areas can be supplied by the emergency diesel generators.  

However, a fire could cause loss of all lighting in certain areas providing 

access for fire fighting in safety-related areas or where 
lighting is 

required to achieve safe shutdown. The licensee has proposed to install 

8-hour battery operated lighting units in areas 
providing access to 

safety-related areas where a fire in the area may 
cause loss of lighting.  

The licensee has also proposed to provide electric hand lanterns 
for use 

by the fire brigade.  

We find that, subject to the implementation of these modifications, the 

lighting systems satisfy the objectives in Section 
2.2 of this report and 

are, therefore, acceptable.  

4.7 Communi catio ytm 

In addition to the normal in-plant telephone communications system, voice 

powered head sets are available for emergency communications. However, 

these are hardwired systems and As such are subject to damage in a fire.  

The licensee has proposed to provide portable radio 
sets for use by the 

fire brigade should the fixed systems be damaged 
in a fire.  

We find that the communications systems satisfy the objectives stated in 

Section 2.2 of this report and are, therefore, acceptable.  

r'4.8 Electrical Cable Combustibility 

Electrical cables used in the plant were required 
to pass the ASTM-D470-591 

vertical flame test, as well as certain other tests developed by the 

licensee. The data indicate that the cables used will not burn vigorously 

under the test conditions used. We find that retest to the IEEE 383 

criteria would not provide information that would change any of our 

recommendations or conclusions. Accordingly, we find the electrical B cables used to be acceptable.

4-8
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manufacturers were invited to submit cable sample for testing.  

An extensive flame testing program took place which included ASTM 

vertical flame testing and Consolidated Edison Company vertical 

flame and bonfire tests as described below. These flame tests 

were used as one of means of qualifying cables and specifications.  
were written on the basis of the results from the tests.  

The following tests were made to determine the flame resistant 

qualities of the covering and insulations of various type of 

cables for Indian Point 3: 

(1) Standard Vertical Flame Test - made in accordance with ASTM

D-470-59T, "Test for Rubber and Thermalplastic Insulated 
Wire and Cable".  

(2) Five-Minute Vertical Flame Test - made with cable held in 

vertical position and 1750OF flame applied for five minutes.  

(3) Bonfire Test - Consisting of exposing, for five minutes, 

bundles of three or six cables to flame produced by igniting 

transformer oil in 12-inch pail. The cable was supported 
horizontally over the center of the pail, the lowest cable 

three inches above the top of the pail. The time to ignite 

the cable and the time the cable continued to flame after 
the fire was extinguished were noted.  

The cable types specified for 1P3 are as follows: 

(1) Silicone rubber insulated cable with a lapped mylar tape 

separator and an overall braid of closely woven asbestos and 

finished with a flame and moisture resistant saturant.  

(2) EPR insulated cable with a neoprene or lead jacket.  

(3) PVC insulated cable with a closely woven glass braid and 

overall covering of lapped mylar tape and closely woven 
asbestos braid saturated with a flame and moisture resistant 
finish.  

With these types of fire resistant cable, a fire should not 
propagate along the cable.  

The areas of high cable concentration where safe shutdown and 

essential device cables are installed at 1P3 include the Cable 

Spreading Room, the Electrical Tunnels and the Switchgear Room.  

Cable trays in these areas are of non-comibustible metallic 
construction with channel for support. No PVC conduits or 

conduits made from other combustible m aterials are used. Fire 

loadings in these areas are low and there-is no storage or 

accumulation of combustible materials present. It is, therefore, 

most improbable that a fire could occur which could generate the

4-13 VISION 04-13
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POWER AUTHORITY OF THE STATE OF NEW YORK

10 COLUMBUS CIRCLIE
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emme .. ALLS 
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MOOCRY I. . MM.W4"I 

WILLIAM F. LUDDY

4212) 397.6200

February 6, 1979 
IPN-79-2

GEOIRGE T. 1113FfSY !EXECUTIVE DIRECTOR 

LEWIS Rt. BENNEITT 
GENERAL COUNSEL AND 

ASSISTANT EXECUTIVE 
DIRECTOR 

JOSEPH ft. SCHMIEER 
CHIEff ENGINEER 

JOHN W. OSTON 
DIRECTOR OFV 
POWER OPERATIONS 

THOMAS F. MCCRANN. JR.  
CONTROLLER

Director, of fice of Nuclear Reactor Regulation 

Ul. S. Nuclear Regulatory Commission 
Washington,. D. C. 20555 

Attention: Mr. Albert Schwencer, Chief.  
Operating Reactors BranchLNo. 1 

Di vision of operating Reactors

Subject: 

Dear Sir:

Indian Point 3 Nuclear Power Plant 
Docket No. 50-286 
Fire Protection Program Review

znclosed please find ten (10) copies of Attachment 1 which 

contains responses to your request 
for additional information on

the Power Authority's October 23, 1978 (ZPO-163) submittal to the 

NRC on the subject item. The request was telecopied-to us on 

November 29, 1978 by your Mr. L. Olshan.  

in the April 15, 1977 submittal to the MR containing Revision 1 

to the report entitled, R'Review of 
Indian Point Station Fire Pro

tection Program", coxmmitmients were made to the NRC with respect to 

the hydrogen trailer located outside the Primary Auxiliary 
Building 

(Pg 8-9) and the air intake louvers on the Battery Room Doors 

(Pgs 8-100, 10-35).  

Please be advised that the hydrogen 
trailer will be removed.  

Instead, a bulk hydrogen storage facility-located 
at the river 

front will provide hydrogen to the 
plant through a buried line to 

*he Primary Auxiliary Building.  

The air intake louvers on the Battery Room 
doors will not be 

yleed off with tire dampers. in a phone conversation on January 22, 

ke-!.t979 betwemen the Authority"s staff and your Mr. I.. Olehan and 

Mr. E. George it was concluded that 
such modification is not required.  

Very truly yours,

QHW: gs 

*.ouauspciz 
6111RA SMi

Paul J1 Early 
ikssistant-Chief Engineer
Projects

COPY

NEW YORK. N. Y. 10019
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(N4) (a)

+,c',kvAex4 ( (pole zorz> 
Cable penetration fire 

stops should be upgraded 

to 3-hour fire rated 
in the following fire 

barriers; barriers between 
the diesel generator 

building and control 
building; barriers between 

diesel generator rooms; 
and barriers between 

the 

turbine building and 
control building.

7

(b) To conform to the referenced 
design tested 

by Florida .Power and 
Light Company# the 

IP-3 

firestops that will 
be upgraded by the addition 

of "Marinite" collars 
and sleeves should also 

include "Cera-Felt" 
blanket or equivalent 

under the sleeves and 
application of "Flame

mastic" or .equivalent 
flame retardant coating 

for a distance of 18 inches from either 
side 

of the firestop.  

Repo ns~e 

(a) and (b) The Power Authority 
will conform to the 

above 

requirements for firestops.
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2. Accordingly, operating license DPR-64 is amended by 

adding paragraph 2.1 to read as follows: 

2.nI' The licensee may proceed with and is requried to 

complete the modifications identified in Paragraphs 

-~ ~ 3.1 .1 through 3.1.14 of the NRC's Fire Protection 
fSafety Evaluation (SE),.dated March 6, 1979 
for the facility. These modifications will be 

completed in accordance with the schedule in 

Table 3.1 of the SE and supplements thereto.  

In addition, the licensee shall submit the additional 
information identified in Table 3.2 of this SE in 

accordance with the schedule contained therein. In 

the event these dates for submittal cannot be met, the 

li censee shall submit a report, explaining the 

circumstances, together with a revised schedule.  

3. This license amendment is effective as of the date of its 

issuance.  

FOR THE NUCLEAR REGULATORY COMMISSION 

A. Schwencer, Chief 
Operating Reactors Branch 
Division of Operating Reactors

Date of Issuance: Mac 6,17

3/6/7q

March 6, 1979
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3.0 SUMMARY OF MODIFICATIONS AND INCOMPLETE ITEMS 

Modi fications 

The licensee plans to make certain plant modifications to improve the fire 
protection program as a result of both his and the staff's evaluations.  
Such proposed modifications are summarized below. The sections of this 
report which discuss the modifications are noted in parentheses following 
each item. Further detail is contained in the licensee submittals. All 
modifications will be completed in accordance with the scheduled dates 
given in Table 3.1. Certain items listed below are marked with an asterisk 
to indicate that the NRC staff will require additional information in the 
form of design details to assure that the design is acceptable prior to 
actual implementation of these modifications. The balance of the other 
modifications has been described in an acceptable level of detail.  

Hydrogen Line 

The hydrogen trailer outside the primary auxiliary building containing H2 
cylinders will be removed and replaced with a buried H2 line routed to H2 
bottles located at least 50 feet from the primary auxiliary building.  

Fire Barriers and Penetrations 

(1) Three-hour fire-rated doors and frames will be provided in barriers 
separating the diesel generator rooms from each other and from the 
control building, separating the control building and turbine building, 
and separating the control building and primary auxiliary building 
from the transformer yard area where the doors are within 50 feet of.  
the transformers with the exception that the door between the control 
room and turbine building will be a three-hour equivalent fire door 
(see 3.1.14) (4.9.1).  

(2) Three-hour fire-rated dampers will be provided in ventilation openings 
or ductwork penetrations in barriers separating the turbine building 
from the control building, and separating the cable tunnel from the 
transformer yard area (4.9.2).

~( (3 ) Cable penetrati ' n firestops will be upgraded to a design that passes 
an ASTM-E-119 exposure fire test by the addition of "Marinite" collars 
and sleeves with "Cera-Felt" or equivalent mineral wool blanket 
installed under the sleeves and 'Flamemastic" flame retardant coating 
over the firestop and on the cables for a distance of 18 inches on 
either side of the firestop. Penetrations to be upgraded are those 
in barriers separating the control building from the turbine building 
and from the diesel generator building, and those separating diesel 
generator rooms (4.9.3).

3.1. 1

03. 1 .2



V -A UPDATE 

curtain, in conformance with NFPA 15, "Water Spray Fixed Systems", protects 

this opening.  

Six fire doors are provided between diesel generator cubicles and between 
cubicles and the Control Building. The fire doors are labeled and have 
passed the Underwriter' s Laboratories Fire Door Test for 3 hours "A" 
Classification in accordance with the testing procedure of ASTM E-152.  
Although only the six doors mentioned above have the Class "A" label, the 
hollow metal doors used throughout the site meet the UL Class "A" require
ments.  

Ventilation Duct Penetrations 

Dampers which are rated for three hours of fire resistance to damage have 
been installed in HVAC openings and duct work to maintain the integrity of 
fire rated barriers. These barriers separate fire zones in the .Control 
Building, Diesel Generator Building, Primary Auxiliary Building, and the Fan 
House. Fuse links on the fire dampers will tnelt at a predetermined temper
ature which will cause automatic closure of these dampers.  

Other ventilation ducts throughout the plant do not have fire dampers where 
the ducts penetrate fire barriers. Fire protection measures provide 3-hour 
fire rated dampers in ducts: 

1) Between the Switchgear Room and the Turbine Building 

S2) Between the Cable Spreading Room and the Turbine Building.  

Electrical Cable Penetrations 

Electrical cable penetrations in fire barriers are sealed with three types 
of construction utilizing ceramic fiber, asbestos sheet, glass fiber, and 
sprayed mastic. Cable penetrations in critical fire barriers have been up
graded to a design that acceptably passed an ASTM-E-119 exposure fire test.  
Modifications consisted of addition of "marinite" collars and sleeves at the 
penetrations, installation of a "Cera-Felt" mineral wool blanket under the 
sleeves, and application of a flame retardant coating on -the fire stop.  
Critical fire barriers include those separating the Control Building from 
the Turbine Building and from the Diesel Generator Building, and those 
separating Diesel Generator Rooms.  

Combustible Material Control in Structures 

All structures on Indian Point 3 were constructed of reinforced concrete, 
concrete block, structural steel and metal partitions, metal wall siding 
sandwich panels (consisting of 20GA galvanized steel backup liner panels, 
1-1/2" fiberglass insulation and protected metal face sheets) and/or built
up roofing (over 1" hard board insulation on 15 lb felt vapor barrier on 
metal decking). These are all noncombustible materials.  

9.6-20 Rev. 0 
7/82
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Where penetrations have been created in fire doors, fire door frames or 
transoms, appropriately related penetration seals have been installed which 
maintain the rating of the fire door assembly.  

Fire Dam~ers 

Dampers which are rated for three hours of fire resistance have been 
installed in EVAC openings and duct work to maintain the integrity of fire 
rated barriers. These barriers separate fire zones in the Control Building, 
Diesel Generator Building, Primary Auxiliary Building, and the Fan House.  
Fuse links on the fire, dampers will melt at a predeternined temperature 
which will cause automatic closure of these dampers.  

EletrcalCale ndehaica P neration Sels 3Electrical cable and mechanical penetrations in f ire barriers are sealed 
wit several types of construction utilizing ceramic fiber, asbestos sheet, 

glass fiber, sprayed mastic and silicon elastomer and foam. Cable 

penetrations in fire barriers providing area separation for Appendix R have 
been installed to a design that passed an ASTM-E-119 3 hour fire test.  

Fire Wrans and Radiant Energy Shields 

One hour rated f ire wraps and radiant energy shields have been installed on 
various cable trays and conduits in the Containment, Electrical Tunnels and 
PAB. The wraps consist of high_ temperature mineral wool blankets. The 
blankets have been tested satisfactorily and qualified as a one hour barrier 
in accordance with ASTM-E 119. Additional testing has qualified the wraps 
for three hour water repellency, radiation resistance and water leachable 
chlorides and fluorides. The radiant energy shields are comprised of 
marinite or transite fire board.  

These protective features were added to Safe Shutdown related instrumenta
tion in the Containment to establish compliance with Section III.G.2.f of 
Appendix R. One hour wraps have been installed to protect: 

1. Wide range RCS pressure transmitter PT-402 conduit from the 
transmitter to the electrical penetration inside containment.  

2. Source Range neutron flux N1-31 conduit from its preamp box to the 
electrical penetration inside containment.  

3. Wide Range RCS temperature elements and cabling for TE 413 A and B 
at the electrical penetrations.  

4. Steam Generator wide range level instrument LT-417D at the 
penetrations.  

5. Steam Generator wide range level instrument LT-447D at Rack 21.  

9.6-14 
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equivalent to the required rating of the fire barrier, 
as delineated in Table 2-2.- [NYPA-064-017]

3.2.3.2 Licensing Conditions (Penetration Seals) 

The following is a condition of the 123 facility 
license established by NRC SER, Amendment 24, dat 
1979. [NRC-019] 

'3.1.2 Fire Barriers and Penetrations 

(3) Cable penetration firestops will be upgraded 
that passes an ASTM-E-119 exposure fire test 
of n Marinite" collars and sleeves with "Cera 
equivalent mineral wool blanket installed-un 
and "Flamemastic" flame retardant coating ov 
and on the cables for a distance of ,18 inche 
of the firestop.. Penetrations to be'upgrade 
barriers separating the control building fro 
building and from the "diesel generator build 
separating diesel generator rooms (4.9.3) 2'

operating 
ed March 6,

to a design 
by the addition 
-Felt" or 
der the sleeves 
er the firestop 
s on either side 
d are those in 
m the turbine 
ing, and those 
[NRC-0l 9-004]

3.3 FIRE DOORS 

3.3.1 General 

Doors located in fire barriers (Appendix A and Appendix R) must 
have a rating equivalent to that of the barrier except where 
specifically evaluated as acceptable with a lesser rating in an 
approved exemption to the requirements of Appendix R or in an 
engineering evaluation..  

The fire doors, frames and construction are generally constructed 
as 3-hour fire rated and are provided with either fire actuated 
release devices, locks, or alarms such that the Control Room is 
alerted if the door is left open.  

Table 3-1 provides a complete listing of fire doors in Appendix A 
and Appendix R fire barriers along with their respective 
locations and the fire areas/zones on either side of the door.  

The doorway between the Control Room and Turbine Building 
operating floor is a three-hour equivalent fire door which 
consists of a metal plate which falls over a window on the door 
in the event of fire.  

The door between the Electrical Tunnel and the Cable Spreading 
Room at Elevation 33'-0" is normally left open, but has a fusible 
link and actuation device for automatic closure.  

In lieu of a 3-hour fire-rated door in the barrier sepa rating the 
Primary Auxiliary Building from the Transformer Yard, an

RZVISION 03-10 -



1P3-ANAL-FP-01392, Fire Seal Evaluation 

ATTACHMENT 6.8 

Rockbestos Cable Testing 

FMRC Contract No. J.I. OYlR9.RC

Revision 1



123 Main Street 
White Plains. -New York-10601 
914 681.6200 

* OW NewYorkPower Memorandum 
40 Authority 

Record of Conversation 

Participants: Steven WTV1e NYPA Fire Protection Engineer 
Mr. Mohammed Khan - Factory Mutual Research 
Corporation (FMRC) Research Scientist, Flammability 
Section 

Date: May 5, 1995 

Re: To discuss the testing of Rockbestos cables.  

Ref.: FMRC Report J.I.OZOQ3.AE, "Fire Propagation Results 
for Control Power and Instrumentation Cable", dated 
April 3, 1995 

Mr. M. Khan was referred to me by Dr. A. Tewarson - Manager, 

Flammability Section of FMRC as he was one of the scientists that 

was involved in the recent testing of cable samples for the 

Rockbestos Co.  

During the conversation, I indicated to Mr. Khan that I had 

received a copy of the referenced report, however it did. not 
identify critical heat flux values for the cable samples tested.  

Mr. Khan stated that the subject testing was performed in order to 

categorize* cables into one of three categories* per their Fire 

Propagation Index (FPI) values. He stated that the only values 

that were reported when the test was done were the FPI and Thermal 
Response Parameter (TRP) values.  

Mr. Khan further stated that he would send me a copy of the actual 

test data that was taken to support the calculated FPI and TRP 
values. (Note: a copy has'since been attached to this record of 

conversation for completeness)

Excellence - Innovation * Integrity * Teamwork



123 Main Street 
Whit& Plains, New York 10601 
914 681.6200 

SNewYorkPower Memorandum 
SAuthority 

Addendum 
to 

Recordi of Conversation 

Participants: Steven Will&- NYPA-Fire Protection Engineer 
Mohammed Khan - FMRC Research Scientist, 
Flammability Section 
Donald Major - FMRC Assistant-Manager, Electrical 
Section 

Date: May 18, 1995 

Re: To discuss the testing of *Rockbestos cables.  

Ref.: 1. FMRC Report J.I.OZOQ3.AE, "Fire Propagation 
Results for Control Power and Instrumentation 
Cable", dated April 3, 1995 

2. Actual Test Data performed under FMRC Contract 
No. J.I.OYlR9.RC to support FMRC Report 
J. I.OZOQ3 .AE 

* During a discussion about the subject data (which was sent to me by 
Mr. Khan of FMRC), I asked Mr. Major why the subject report did not 
identify all FPI and TRP VAlues for cables tested. Mr. Maj or 
indicated that the results of testing on the worst case cable 
samples were reported as they were considered to be the bounding 
cases for cables of-that particular cable construction.  

I asked why the description of Samples #1 and #2 in the report did 
not match the description given for Samples #1 and #2 as documented 
in the actual test data. Mr. Major stated that since the report 
identified the two bounding cable samples using a description and 
catalog no., the actual data could be traced back to the actual 
test data. He stated that since the report only cited the FPI and 
TRP valves for two cable samples, the use of designations Samples 
#1 and #2 was more appropriate from a report standpoint. Mr. Major 
stated that Samples #1 and #2 of the report corresponded to Samples 
#5 and #11, respectively of the actual test data. He further noted 
that the TRP value for Sample #2 in the report was taken from the 
test results from Sample #1 from the actual test data which did not 
use a polypropylene filler.

Excellence - Innovation * Integrity * Teamwork



ROCKBESTOS CABLE DESCRIPTON 
SAMPLE 1 sAMPLE 2 SAMPLE3 

NUMBER OF CONDUCTORS 2 2 2 

GAUGE AWG .14 18 14 

OVERALL DIAMETER .340" .335" .3 10" 

VOLTAGE RATING 600 600 600 

INSULATION 
TYPE XLPE XLPE XLPE 

THCKNESS .020" .025" .020" 

LOI 30 30 30 

BINER TAPE 1, 
TYPE MYLAR(polyester) NOMEX (Aramid) MYLAR(polyester) 

T-HCKNESS .001" .002. .001" 

LOI 21 45 21 

BINER TAPE 2 
TYPE NONE ALUMINUM/MYLAR NONE 

TFUCKNESS .004" 

LOI N/A 
FILLER 
TYPE NONE POLYPROPYLENE NONE 

LOI 27 
OUTER JACKET 
TYPE XLPO CSPE XLPO 

TICKNESS .035" .045" .035" 

LOI 38 38 45 

-r~p 3 2370

9.7 .10.6pf



RO(-lCKBESTOS CABLE DESCREMI'ON

NUMBER OF CONDUCTORS 
GAUGE AWG 
OVERALL DIAMETER 
VOLTAGE RATING 
INSULATION 
TYPE 
THICKNESS 
LOI 
BINER TAPE 1 
TYPE 
THICKNESS 
LOI 
BMNER TAPE 2 
TYPE 
THICKNESS 
LOI 
FILLER 
TYPE 
LOL 
OUTER JACKET 
TYPE 
THICKNESS 
LOI

14 
.370" 
600 

XLPE 
.030" 

30 

MYLAR(polyester) 
.001".  

21 

NONE 

POLYPROPYLENE 
27 

CHLORINATED POLYETHYLENE 
.045" 

31____

-f-pp

PP j.l.5

SAMPLE 4



ROCKEESTOS CABLE DESCRIPTION 

ROUT NAME XLINK TC FIREWALL III GSIA TC FIREWALL EP FIREWALL III SO J) 

PRO-DUCT CODE I 83-0021 I146-0021 S 32-3876 P 68-0140 1 67-3423 

NUMBER OF CONDUCTORS 2 2 3 41 2 

GAUGE AWG 16 16 8 14 ~ 6 SOLID JX 

OVERALL DIAMETER .279" .321" .804" .180" .307" 

VOLTAGE RATING 600 600 600 600 600 

TYPEAIO XLPE XLPE XLPE EPR XLPE 

TICKNESS .020" .025" .045" .030" .025" 

LOI 30 30 25 18 30 

GROUND WIRE 

NUMBER OF CONDUCTORS 1 1 3 NONE 1 

GAUGE AWG 18 18 14 18 

INSULATION NONE NONE NONE NN 

BIND)ER TAPE 1 

TYPE ALUMINUM/MYLAR ALUMINUM/MYLAR MYLAR NONE ALUMINUM/MYLAR 

TH-ICKNESS .002" .002" .002" .002" 

LOI N/A N/A 22 N/A 

ARMOR NONE NONE GALVANIZED -STEEL NONE- NONE 

TICKNESS 
.025" 

LOI N/A 

FLEfECODRIP CORD FILLER FILLER NONE FILLER 

TYPE POLYESTER POLYPROPYLENE POLYPROPYLENEPOYRYLN 

LOI 18 27 27 27 

OUTER JACKET 

TYPE XLPO CSPE CSPE CSPE CSPE 

TFUCKNESS .035" .045" .050" .015" .045" 

ILOI 38 38 35 38 35 

7-9 P 4ziz' . 9q .31?7 33 2 351 

F7'I?5- f 2.0>1



ROCKBESTOS CABLE DESCRIPTON

NUMBER OF CONDUCTORS 
GAUGE AWG 
OVERALL DIAMETER 
VOLTAGE RATING 
INSULATION 
TYPE 
THICKNESS 
LOT 
BINER TAPE 1 
TYPE 
TICKNESS 
LOI 
BINER TAPE 2 
TYPE 
THICKNESS 
LOI 
FILLER 
TYPE 
LOT 
OUTER JACKET 
TYPE 
THICKNESS 
LOI

~AMJLb I SAMPLE I1I

14 
.340" 
600 

XLPE 
.020" 
30

5 
14 

.405" 
600 

XLPE 
.020" 

30

MYLAR(polyester) MYLAR(polyester) 
.001" .001" 

21 21

NONE 

NONE 

XLPO 
.035"

38
Tg? 

F/'J

NONE 

POLYPROPYLENE 
27 

XLPO 
.03 5" 

38

SAMPLE I



IGNITION DATA FILE 
-----------------------------------------------------------------------------------

Date of Test: 
Apparatus: 
Manuf acturer: 
Number of sampl es: 
Sampl1e name (s) : 
Sample description:

1 1oct94 
50 kW 
Rockbestos Cabl es 
3 
See below

Surface area: .1 .0 
Ends sealed with aluminum foil 

Dish: Ignition cable holder 
Free Convection 

ALL'samples were painted with Thermalox 250 spray paint 
Pilot 1 cm. over the sample 

Fl am. Sec. -Scientist: M. M. Khan 
-----------------------------------------------------------------------------------

Sample(1) Rockbestos 2 Cond. x 14 AWG X-link 
Type TC Dir. Bur. Sun Res. 600V 

Insulation: XLPE Binder #1: 
Binder #2: None Filrer 
Outer Jacket: XLPO

R'2,value: 0.9973948 
y Int.: 0.001930 
Calc. y @60kW/'2: 0.1563

Myl ar (pol yester) 
None

TRP: 383.73 
Slope: 0.002606

Heat Fl ux('A1,A 

30(94.87 VAC) 

40(112.1 VAC) 

50(127.6 VAC) 

60(141.8 VAC)

T (ign .) 5 

152.59

93.26 

54.72 

40.45

1/sqrt Tig(s) 

0 .0809

0 .1035 

0. 1352 

0.1572

~rki -20 (75.17 VAC) Did not ignite (900 s 
----------- 7-------------------------------- -------------

ample(2) Rockbestos 2 Cond. x 18 AWG 

Insulation: XLPE Binder #1: Nomex (Aramid) 
Binder #2: Aluminum/Mylar 
Filler : Polypropylene 
Outer .Jacket: CSPE

R-2 value: 0.996118 

Calc. y @60kW/m-2: 0~.20~42

TRF': 320.51 
Sl ope: 0.003120

Heat Fluxj&4~ 

30(94.87 VAC) 

40(112.1 VAC) 

50(127.6 VAC) 

60(141.8 VAC)

T (ign .) s 

86.69

47.26 

32.48 

24.64

1/sqrt Tig(s) 

0. 1074

0.1455 

0.1755 

0 .2014

.--z20(75.17 VAC) Sample swelled to 2 1/2 times its original size 
=- MMMM ltn MM.i the 4r'v+ A minutes. bu~t the scamole

1 /Ti g (s) 

0.0065 

0.0107 

0.0183 

0.0247

.it 

'4~y

I1/Tig (s) 

0.4~216 

0.0306 

0.0406



Sample(3) Rockbestos 2 Cond. x 14 AWG 

Insulation: XLPE *Binder #1: Mylar (polyester) 
Binder #2: None Filler None 
Outer Jacket: XLPO 

R"2 value: 0.99675043 TRP: 369.55 
y Int.: -0.003520 Slope: 04.0042706 
Calc. y @604kW/m^2: (4.1588 

-----------------------------------------------------------------------------------

Heat Flux (WIt'lV) T(ign.)s 1/sqrt Tig(s) 1/Tig(s) 
- - -- - - - - -- - - - - - - - - - - - - - -/

30(94.87 VAC) 170.52 04.0766 (4.0059 

40(112.1 VAC) 91.83 04.1(443 04.0109 

*50(127.6 VAC) 54.21 04.1358 0.0184 

604(141.8 VAC) 40.91 0.1563 0.0244 

204(75.17 VAC) Did not ignite (900( s) 

-----------------------------------------------------------------------------------

Sample(4 Rockbestos 2 Cond. x 14 AWG 

Insulation: XLPE Binder #1: Mylar (polyester) 
Binder #2: None Filler : Polypropylene 
Outer Jacket: Chlorinated Polyethylene 

R-2 value: 04.9983622 TRP: 293.68 
y Int.: -(4.011554 Slope: 04.003445 
Calc. y @6(4kW/m"2: (4.1927 

-----------------------------------------------------------------------------------

Heat Fl UX ak4/&-) T(ign.)s 1/sqrt Tig(s) 1/Tig(s) 
--------------------------------- ----------7 ----------- -------

304(94.87 VA~C) 119.50 0.0915 (4.0084 

40(112.1 VAC) 63.93 0.1251 04.0156 

504(127.6 VAC) 41.56 0.1551 04.0241 

.60(041.8 VAC) 26.29 0 .1950 (4.03804 

20(75.17 VAC) 670.90 (4.0386 0.00415 

-- - - - - - - - - -- - - - - - - - - -- - - - - - - - -



IGNITION DATA FILE 
---------------------------------------------------------------------------------------------

. Date of Test: 2@dec94 

Apparatus: 50 kW 

Manufacturer: Rock bestos Cabl es 

Number of samples: 4 

Sample name(s): See below 

Sample description: 

Surface area: 1.  

Ends sealed with aluminum foil 

Dish: Ignition cable holder 

Free Convection 

ALL samples were painted with Krylon Ultra Flat Black spray paint 

.Pilot 1 cm. over the'sample 

Flam. Sec. Scientist: M. M. Khan 

---------------------------------------------------------------

Sample(5) Rockbestos 2 Cond x 16AWG X-link TC Prod Code: 1-83-0021 

Type XLPE 600V .(Bl ack) 

Insulation: XLPE Binder Tape: Aluminum/Mylar 

Armor: None Filler/Rio Cord Rip Cord Polyester 

Outer Jacket: XLPO 

R"2 value: O).9972567 TRF: 424.27 

y Int .: 03.0~16060 Sl ope : 0.002357 

Calc. y @60kW/m"2: 0.1575 

Heat Fl LUX(k/mv) T(ign.)s 1/sqrt Tig(s) 1/Tig(s) 

V 30094.87VAC) 138.48 0.0850 0.0072 

40(112.1 VAC) 79.93 .41118 0.0125 

50(127.6 VAC) 53.82 (0.1363 0.0186 

60(141.8 VAC) 41.43 ().1554 0.0241 

W"20.7VAC) 
Did not ignite (900 s) 

--------------------------------------------------------

Sample(6) Rockbestos 2 Cond. x.16 AWG Firewall III Prod Code 146-OC.21 

Insulation; XLPE Binder Tape: Aluminum/Mylar 

Armor: None 

Filler : Polypropylene 

Outer Jacket: CSPE 

R"2 value: 0~.9947893 TRP: 294.38 

y Int.: 0.02361(0 Sl ope: 0.0033970' 

Cal c. y @0k~W/m'2: 0.2274 

Heat Fl ux~k/,() T (ign .)s 1/sort Tig(s) I/Tig(W) 

------------ / -- - - -- - - - - --- - -

30~(94.87 VAC) 66.80 0.1223 0.0150 

40(112.1 VAC) 38.24 0.1617 0.0261 

.0(127.6 VAC) 25.33 0.1987 0.0195 

60(141.8 VAC) 20.08 0.2232 0.0498 

20(75.17 VAC) 176.86 0.0752 0.0056

q ~5(~3.9R AC)Did not ignite (9(00 s)VAC)
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Sample(7) Rockbestos 3 Cond. x.8 1AWG GSIA TC (Bl ack).  
Product Code: S-32-PB76 
Insulation: XLPE Binder Tape: Mylar 
Armor: Galviniuzed Steel Filler P olypropylene 
Outer Jacket: CSPE

R-2 value: 0.9917383 
y Int .: 0.001910 
Calc. y @60kW/m"2: 0E).1898

TRP: 319.28 
Si ope: (0).003132

Heat Fl ux Abs/on~ 

30(94.87 VAC)

40(112.1 VAC) 

50(127.6 VAC)

T (ign .) s 

98.72

67.19 

41 .78

l/Nqrt Tig(s) 

- - - - - - -

0. 1220 

0.1547

60(141.8 VAC) 23.54 0.1941 0.0377 

20(75.17 VAC) 231.55 0.0657 0.0043 
------------------------------------------- ----------------------------------

Sample(8) Rockbestos 1 Cond. x14 AWS FIREWALL EFP (Black) 
Product Code: P-68-0 140 
Insulation: EPR Binder Tape: None 
Armor: None Filler :None 
Outer Jacket: CSPE

R"2 value: 0.9982653 
y Int.: 0.057920 
Calc. y @60kW/m'2: 0.2385

TRP: 332.34 
Sl ope: -0 .003009

Heat FluxQ4 

30(94.87 VAC)

T (ign .) s 

46.74

1/sqrt Tig(s) 

0.1463

50(127.6 VAC) 23.24 0~.2074 0.0430 

60(141.8 VAC) 17.65 0.2380 0.0(-567 

20(75.17 VAC) 94.21 0.1030 0.0106 

* p15 (63.98 VAC) Did not ignite (900 s) 
--------------------------------------------------------------------------------------------------------

I1/Tig (W.  

0.0239

1 /Tig (s) 

0.02)14
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0 --Sampl1e(9) Rockbest-os-2 Cond. x16 AWG Firewall III SOL JX (Purple) 
Product Code: 1-67-3423 (Solid 16AWG JX) 

Insulation: XLPE *Binder Tape: AlLuminLum/Mylar 
A~rmor: None Filler Polypropylene 
Outer Jacket: CSPE

R-2 value: 0~.9949#)82 
y Int.: 0.027590 
Caic. y @6@kW/m"2: (OV1985

TRP: 351.12 
Si ope: (0).00l~2848

Heat Fl UX(t4/' 1) 

30(94.87 VAC) 

509(127.6 VA~C) 

20(75.17 VAC)

T (ign.-) s 

74.92 

50.96 

36.55 

245 

147.38

1/sqrt Tig(s) 

0.1155

0). 140~1

@. ()1654 

0.0824

15(63.98 VACY Did not ignite (900 sY -

1/Tig (s) 

0~).0133 

0 .0~196 

(0).0~273 

(0). (408 

(0).00~68



-- IGNI-TION DA~TA FILE 

Date of Test: 15feb9!5 
Apparatus: 50e kW 
Manufacturer: Nock bestoi Cabi es 
Number of sampl es: 1 
Sample name~s): Se-below 
Sample description: 
Surface area: 1.0 

Ends sealed with aluminum +oil 
Dish: Ignition cable holder 

Free Convection 
ALL samples were painted with Krylon Ultra Flat Black spray paint 

Oilot 1 cm. over the sample 
Flam. Sec. Scientist: M. M. Khan 

Sample(eY Rocl::.bestos 5 Cond x14AWG (Rcvd 03-+eb-95) 
Type XLF-E 600V (Bl ack) 

Insultation : XLFE Binder Thpe:,. Myl ar/Pol Qesta, 
A~rmor: None Fillecr: Polypropylene 

outer Jacket : XLFO

R"2 value: 0,9.9343S2 

Calc. y @6@kW/m"2: 0.1527

TRP 3855(-,.

Heat F1l ux 

30®(94.87 yfAi:

T ien .)s 

197 . V.

89.14 

44.1.7

20075.17 VAC) Did not ignite (900, s)

(j0.0~712

0. 1059 

0. 1274

1 /T i 

0.126
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Factory Mutual Research 
@ 1151 Boston-Providence'Turnpike 

P.O. Box 9102 
Norwood, Massachusetts 02062

April 3, 1995OZOQ3.AE 
(3972)

FIRE PROPAGATION RESULTS FOR CONTROL, 
POWER AND INSTRUMENTATION CABLE 

Prepared For 

The Rockbestos Company 
20 Bradley Park Rd.  

East Granby, CT. 06026 

I INTRODUCTION 

1.1 The Rockbestos Company (manufacturer) requested that Factory Mutual Research 
Corporation (FMRC) perform tests on their cable product type identified as X-Link TCe, in 
accordance with the Factory Mutual Research Corporation's Specification Test Standard for 
"Cable Fire Propagation", Class 3972. This report describes the tests performed, the results 
obtained and the cable products covered.  

1.2 The product described by this report was initially tested -under Project J.1. OY IR9.RC.  
This project, J.1. OZOQ3.AE, was opened to complete the testing of the cable in accordance with 
the FMRC Standard Class 3972.  

1.3 The specific cable products described by this report will appear in the Factory Mutual 
Research Corporation's Specification Tested Products Guide as follows: 

The following cables are Classified Group 1 having a Fire. Propagation Index (FPI) less than 10.
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Product 

183-0020 
183-0030 
183-0040 
183-0070 
183-0120 
183-0190 
C 10-0020 
CIO-0030 
CI10-0040 
CIO0-3006 
C1O-3007 
C 12-0020 
C 12-0030 
C 12-0040 
C 12-0050 
C 12-0070 
C 12-0090 
C 12-30 11 
C 12-30 15 
C 12-0120 
C 12-0190 
C 14-0020 
C 14-0030 
C 14-0040 
Cl11-0050 
C 14-0070 
C 14-0090 
C 14-0120 
C 14-0190 
C 14-3012 

Product 
Code 

P92-0023 
P92-0043 
P92-0063 
P92-0083 
P92-0103 
P92-0203 
P92-0403 
P92-0024 
P92-0064

Construction 
Conductor&Size 
2/C 16 AWG 
2/C 16 AWG 
4/C 16 AWG 
7/C 16 AWG 
12/C 16 AWG 
19/C 16 AWG' 
2/C IOAWG 
3/C 10OAWG 
4/C 10OAWG 
3/C 10OAWG 
4/C IOAWG 
2).!C 12 AWG 
.3/C .12 AWG 
4/C 12 AWG 
5/C 12 AWG 
7/C 12 AWG 
9/c 12 AWG 
3/C 12 AWG 
4/C 12 AWG 
12/C 12 AWG 
19/C 12 AWG 
2/C 14 AWG 

3C 14 AWG 
4/C 14 AWG 
5/C 14 AWG 
7/C 14 AWG 
9/C 14 AWG 
12/C 14 AWG 
19/C 14 AWG 
3/c 14 AWG 

Construction 
Conductor&Size 
3/C 2 AWG 
3/C 4 AWG 
3/C 6 AWG 
3/C 8 AWG 
3/C 1/0OAWG 
3/C 2/0OAWG 
3/C 4/0OAWG 
4/C 2 AWG 
4/C 6 AWG

Control Cable 
Insulation 
& Thickness 

FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20OMils 
FR XLPE 20 mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 

Power Cable 
Insulation 
& Thickness 

FR XLPE 35 Mils 
FR XLPE 35 Mils 
FR XLPE 30 Mils 
FR XLPE '30 Mils 
FR XLPE 45 Mils 
FR XLPE .45 Mils 
FR XLPE 45 Mils 
FR XLPE 35 Mils 
FR XLPE 35 Mils
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Jacket 
& Thickness 
XLPO 35 Mils 
XLPO 35 Mils 
XLPO 35 Mils 
XLPO 35 Mils 
XLPO 35 Mils 
XLPO 45 Mils 
XLPO 35 Mils 
XLPO 35 Mils 
XLPO 35 Mils 
XLPO 35 Mils 
XLPO 35 Mils 
XLPO 35 Mils 
XLPO 35 Mils 
XLPO 35 Mils 
XLPO 35 Mils 
XLPO 35 Mils 
XLPO 45 Mils 
XLPO 35 Mils 
XLPO 35 Mils 
XLPO 45 Mils 
XLPO 45 Mils 
XLPO 35 Mils 
XLPO 35 Mils 
XLPO 35 Mils 
XLPO 35 Mils 
XLPO 35 Mils 
XLPO 35 Mils 
XLPO 45 Mils 
XLPO 60 Mils 
XLPO 35 Mils 

Jacket 
& Thickness 
XLPO 65 Mils 
XLPO 45 Mils 
XLPO 45 Mils 
XLPO 45 Mils 
XLPO 65 Mils 
XLPO 65 Mils 
XLPO 65 Mils 
XLPO 65 Mils 
XLPO 45 Mils



Construction 
Condcto&Size
2/C 16 AWG 
3/C 16 AWG 
2 STP 16 AWG 
4 STP 16 AWG 
8 STP 16 AWG 
12 STP 16 AWG 
2/C 18 AWG 
3/C 18 AWG 
2 STP 18 AWG 
3 STP 18 AWG 
8 STP 18 AWG 
12 STP. 18AWG

Insulation 
& Thickns 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE 20 Mils 
FR XLPE '20 Mils

Jacket 
& Thickns 
XLPO 35 Mils 
XLPO 35 Mils 
XLPO 35 Mils 
XLPO 45 Mils 
XLPO 45 Mils 
XLPO 65 Mils 
XLPO 35 Mils 
XLPO 35 Mils 
XLPO 35 Mils 
XLPO 45 Mil s 
XLPO 45 Mils 

* XLPO 65 Mils

1.4 This report describes representative cable test result values for the Thermal Response 

Parameter, Chemical Heat Release Rate, and Fire Propagation Index. Testing procedures are 

described in the Specification Test Standard for Cable Fire Propagation, Class No. 3972. by 
FMRC. These cable characteristics are to be used for determining the suitability of a cable 
installation from the fire protection standpoint; the cable electrical/mechanical construction 
characteristics were not considered. The construction of cables listed in Report Section 1.2 have 

been found, by examination, to be acceptable for the Group classification rating determined as a 
result of testing representative samples. An audit of the manufacturer's facility has shown a 
demonstrated Quality Control Program exists, in compliance with the referenced standard.  
Installation must be in accordance with the National and Local Codes.  

11 DESCRIPTION 

2.1 General Product Description - The cable types included in this test program are of 
the control, power and instrumentation type. These cables are of various materials of 
construction differing in; their quantity and gauge size (AWG or MCM) of conductors (C), 
insulation material thickness, jacket material thickness and whether or not separating tape (used 
in construction of shielded twisted pairs (STP) of conductors) or filler material is included. All 
of these variations result in determining the cables diameter. Visual differences such as color of 
insulation or jacket material does not have an affect on product flammability performance.  

2.2 Product Traceability - Product traceability is accomplished by use of the Product 
Code number printed on the cable as part of the overall marking. The manufacturer's Document 
No. 1- 13 entitled, "Factory Mutual Research Listing Traceability" Attachments 5, 6 and 7 
identifies the X-Link TC" Product Codes and materials used in the cable's construction.  
Reference Section VII of this report.  
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Product 

183-0021 
183-0031 
183-0024 
183-004 
183-0084 
183-0124 
184-0021 
184-0031 
184-0024 
184-0044 
184-0084 
184-0124

FACTORY MUTUAL RESEARCH CORPORATION 

JII. OZOQ3.AE 

Instrumentation Cable
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2.3 Material Specifications - Document No. 1- 13 entitled, "Factory Mutual Research 

Listing Traceability" Attachments 6, describes the material specification for the combustible 

materials of construction used by Rockbestos as follows. Rockbestos uses the identification 

"KXL-760" as their specific designation for the insulation material used, which is more 

generically known as a type of flame retardant cross linked polyethylene, or FR XLPE. The 

identification "KZH-400" as their specific designation for the jacket material, which is more 

generically known as a type of cross linked polyolyfin, or XLPO. The identification "VFPP FR" 

is used as their specific designation for the filler material (not used in all cable constructions), 
which is more generically known as a type of flame retardant polypropylene, or FR PP. The 

aluminuxnlmylar tape, mylar tape and polyester rip cord material due to their small volume 

amounts used in the construction of the cable does not contribute significantly to the cables 

flammability characteristic.  
Documentation regarding these materials and their traceability through the manufacturing 

process are on file at FMRC as listed in the Documentation List given in Section VII of this 

report. The following table lists the manufacturer's combustible materials of construction, 
identification numbers (I.D.) and limiting oxygen index (LOI) for the cable samples tested. The 

LOI is based on testing conducted in accordance with ASTM Standard D-2863.  

MATERIAL SPECIFICATIONS 
CABLE USE DOCUMENT NO. MATERIAL TYPE I.D. LOI 
Insulation 1-13 XLPE KXL-760 30% 

Jacket 1-13 XLPO KZH-400 38 % 

Filler 1-13 FR PP VFPP FR 27% 

Rip Cord 1-13 Polyester Polyester 18% 

Tape none Aluminum/Mylar Aluminum/Mylar none 

2.4 Test Sample Description - Two cable samples were submitted for the purpose of 
conducting tests, product code 183-0021 and C 14-0050. The significant difference in the 

construction of these two cables samples is the affect the filler material has on the test results.  

Product code C 14-0050 is the cable sample which included the filler material. The two cable 
samples are described in Section III of this report.  

III EXAMINATION AND TESTS 

3.1 Test Samples - The cable sample was provided, for testing purposes, in the following 

sample quantities and lengths: 5 - Five inch lengths and 3 - 32 in ch lengths. The five inch 

samples were used to conduct the Piloted Ignition Tests and the three 32 inch samples were used 

to conduct the Fire Propagation Tests. All testing was conducted at the FMRC facilities located 
in Norwood, MA.

Page 4
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3.1.1 Test ampl.1 - is identified as product code 183-0021. This sample is a 2 
conductor, 16 AWG each, with 20 mil thick of the insulation compound KXL-760 (flame 
retardant cross linked polyethylene, FR XLPE), one bare 18 AWG ground wire is included. An 
aluminumlmylar binder tape is used to wrap the conductors and a rip cord made of polyester is 
provided. The overall jacket is a nominal 35 mil thick compound XLPO (KZH-400, flame 
retardant cross linked polyolyfmn) jacket. All cable is rated at 600 volts.  

3.1.2 Test Sample #2 - is identified as product code C -14-0050. This sample is a 
5 conductor, 14 AWG each, with 20 mil thick of the insulation compound KXL-760 (flame 
retardant cross linked polyethylene, FR XLPE), without a ground wire. A mylar binder tape is 
used to wrap the conductors and a rip cord made of polyester is provided. A polypropylene filler 
material is included to round out the cable's diameter. The overall jacket is a nominal 35 mil 
thick XLPO compound (KZH-400, flame retardant cross linked polyolyfin) jacket. All cable is 
rated at 600 volts.  

3.2 Test Methods - The test methods used to obtain the data and determined the results 
of the following items are described in Appendices A, B and C of the "Specification Test 
Standard. for Cable Fire Propagation", Class 3972. Only a brief description of the test set-up is 
given below.  

3.3 Piloted Ignition Test Method - The Piloted ignition test is used to obtain data to 
calculate the Thermal Response Parameter. For this test, five-5 inch, samples of the cable 
described in Sections 3.2 were exposed to increasing heat flux levels of 132, 158, 211, 264. 317 
BTU/f 2/in. (25, 30, 40, 50 and 60 kWm) A pilot flame was used to ignite the combustible 
cable vapors. The cable test sample was exposed to the heat flux and the time to ignition was 
recorded. In accord with the standard the Thermal Response Parameter was determined to be as 
follows.  

* Test Sample Number Thermal Response Parameter 

1 424 kWm s' 

2 384 kW/m 2 .S,1/ 

3.4 Fire Propagation Tests Method - The. fire propagation test is used to obtain data to 
calculate the Chemical Heat Release Rate. For this test, three-32 inch, samples of each cable 
type were individually set up vertically in the test apparatus, within a glass cylinder. The bottom 
portion of each cable sample, 8 inches (0.2m), is surrounded by four radiant quartz heaters and 
exposed to 264 Btulft2/min. (50 kW/m2) of external heat flux. A pilot flame was used to ignite 
the combustible cable vapors. The test was continued until the cable sample was completely 
consumed. In accord with the standard the Chemical Heat Release Rate was determined to be: 

Test Sample Number Chemical Heat Release Rate 
1 ~2.6 kW 

2 3.01 kW 
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3.5 Fire Propagation Index - The results of conducting both tests have determined that 

the X-Link TC' cable products listed in Section I of this report are all Group I cable, although 

their constructions may or may not include the ground wire or filler material. The following is in 

agreement with the requirements of Section 5.3 of the Class 3972 Standard "Cable Fire 
Propagation", March 1994.  

- Group 1 cables are those cables constructed having a diameter equal to or greater 
than 0.279 inches (0.708 cm) and have conductors with a cross sectional area equal 
or greater than 2 conductors of 16 AWG each.  

3.6 Documentation Review - The manufacturer's documentation was reviewed with 

satisfactory results. It was determined that the products, as 'listed in Section I, are represented by 
the cable samples which were subjected to tests, and are manufactured using the same 

construction and materials as described by Section 11. The documentation required for this 
review is tabulated in Section VII.  

3.7 Product Acceptance - The larger diameter cables employing the same construction 
and material as the samples tested were determined acceptable for the same Group marking, 
based on the only difference in cable construction being the overall diameter of the cable and that 

diameter increase is based on an increase in number and size of conductors and thickness of 
combustible materials. Based on these factors, the cable products listed in Section 1.3 of this 

report were concluded to be represented by the tests conducted on the cable samples #1 and #2 
described herein.  

IV FACILITIES AND PROCEDURES AUDIT 

The manufacturer's design and manufacturing facilities in East Granbv. CT., were 
examined, as part of this project, to determine the Quality Control Program assured each cable 

produced presents the same product uniformity and construction as the cable samples described 
in Section 1.3 of this report. The facility is subject to follow-up audits. The facilities and 
procedures were satisfactory.  

V MANUFACTURER'S RESPONSIBILITIES 

The manufacturer shall advise FMRC of all proposed changes to the documents and cable 

construction identified by this report. The documentation is listed in Section VII, which affect 
the cables listed in Section 1 and cable construction described in Section 11.
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VI CONCLUSION 

6.1 The cable products described in Section 1.3 of this report have been assigned a 

Classification of Group I based on test and examination results reflected in Sections 3.3, 3.4, 3.5 

and 3.6 of this report.  

6.2 After the Product Listing Agreement (Form 12 81) is signed and*returned to FMRC, 
the product shall be listed and the manufacturer is permitted to mark the cable with "FMRC GP 
1". NOTE: To be repeated at intervals not to exceed 24 inches.  

6.3 The Group Classification only specifies a relative fire propagation characteristic for 

the cable and does not define other hazards presented by the cable or any other material under 

actual fire conditions.  

6.4 The FMRC makes no judgement of product suitability for its intended end-use solely 
as a result of the tests described herein. This decision is ust~iay the responsibility of the local 
authority having jurisdiction.  

VII DOCUMENTATION FILE 

The following documentation is applicable to this equipment and is on file at FMRC. No 
changes of any nature shall be made unless notice of the proposed change has been submitted 
and written authorization obtained from FMRC. The Revision Report, FMRC Form 797, shall 
be forwarded to FMRC as notice of pr~oposed changes.  

Document Number TteRev .JDate 
1-13 FMR LISTING TRACEABILITY2 

The following documents are on file under J.1. 0Y7Q8.AE and are listed for report completeness.  
1-12 FMR LABEL PROCESS 01-31-95 
Q-4 IN-PROCESS INSPECTIONI 
Q-5 IN-PROCESS INSPECTION 0 
Q-6 PROCEDURE FOR CONTROL OF TDA's & TDB's 14 

Q-7 RECEIVING INSPECTION PROCEDURE I 
Q-9 DOCUMENT CONTROL PROCEDURE 9 
Q- 10 TRACEABILITYI 
Q-13 CORRECTIVE ACTION PROCEDURE 5 
Q-15 PROCEDURE FOR RELEASE OF CABLE FOR SHIPMENT 14 

Q-16 FINAL INSPECTION PROCEDURE 14 

Q- 19 LAB SAMPLE TESTING OF PRODUCTION ORDER AND LOTSI 
Q-21 MIT CONTROL 3 

Q-31I CONTROLLED STAMPS 5 

Q-32 RAW MATERIAL REJECTION PROCEDURE 4
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TESTS AND RESULTS BY: S. D. Ogden and John Kelliher, Jr.  

EXAMINATION BY: D. E. Major.  

ORIGINAL DATA: PDR located in Blueprint File of FMRC's TIC.  

ATTACHMENTS: -Sales Literature 

REPORT BY: REVIEWED BY: 

Electrical Section Manager Electrical Section Manager
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-1 A-) crosinied ;7o 'efiril

Scope
X-LinkTFC is the smallest diameter, thermoset, 
UL listed, Type TC control cable available in the 
industry today. X-Link TIC is 30% to 40% smaller 
in diameter than standard control cable. It may be 
installed in wet and dry locations, indoors and

outdoors, -in metal trays, conduits, ducts, or in 
direct burial applications. It is ideal for applica
tions in substations, cogeneration, waste/energy 
and industrial facilities to perform a variety of 
control and related functions.

.Features 
" Thermoset insulation and jacket for 

enhanced thermal stability 

" Small diameter 

" Economical 

" More cables per tray or conduit 

" Flame retardant 

" Light weight 

" Flexible 

" Heat, sunlight, moisture and abrasion 
resistant 

" Easily pulled (low friction jacket) 

" Tin-coated conductors for improved 
terminations and corrosion resistance 

" Jackets have printed sequential footage 
markers for improved inventory control 

" Jacket strippability facilitates 
termination 

" Reduced halogen design 

~.Low smoke jacket 

re *Lead free jacket

Performance Standards 
" Ut. listed. Type TC (Ut. 1277) 

" UL listed for direct burial and sunlight 

" Passes ICEA 2 10.000 BTU/hr vertical 
tray flame test 

"Passes IEEE-383 70.000 BTU/hr 
vertical tray flame test 

" S ingle conductors pass Ut. VW- 1 flame 
test 

" In accordance with the National Elec
trical Code - Article 340 

" Single conductors in accordance with 
performance requirements of ICEA, 
S-66-524 and Ut. 44. Class XL.  

" Single conductors in accordance with 
AWM style No. 3502 

" Jacket exceeds the requirements of UL 
Class XLI9 0 C 

" UL approved for 90'C operation in 
both wet and dry locations

Construction 
Construction: 
Annealed tin-coated copper. Class B 
strand (ASTIM B-8 & B-33) 

Insulation: 
20 mils of flame retardant crosslinked 
polyolefin meeting performance re
quirements of ICEA S-66-524 and L 
44 Class XL 

Circuit Identification: 
Colored insulation per ICEA Method 1.  
Table K-2 

Fillers: 
When required. non-hygroscopic and 
non-wicking 

Binder Tape: 
Non-hygroscopic and non-wicking tape 

Jacket: 
Reduced wall. black flame retardant. low 
smoke, zero halogen. crosslinked 
polvolefin jacket.

*Rated 90TC for normal operation in wet and dry locations. 1300C for emergency overloud conditions, and 250TC for short circuit conditions.
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I IKefluce13 wall)I

Scope
X-Link"TC is the smallest diameter, thermoset, 
UJL listed, Type TC power cable Nvailable in the 
industry today. X-Link TC is 20% to 30% smaller 
in diameter than standard power cable. It may be 
installed in wet and dry locations, indoors and

outdoors, in metal trays, conduits, ducts, or in 
direct burial applications. It is ideal for applica
tions in substations, cogeneration, waste/energy 
and industrial facilities to perform a variety of low 
voltage power, lighting and related functions.

O'eatures 
" Thermoset insulation and jacket for en

hanced thermal stability 

" Small diameter 

" Economical 

" More cables per tray or conduit 

" Flame retardant 

" Light weisght 

" Flexible 

" Heat, sunligyht, moisture and abrasion 
resistant 

" Easily pulled (low friction jacket) 

" Tin-coated conductors for improved ter
minations and corrosion resistance 

" Jackets have printed sequential footage 
markers for improved inventory control 

" Jacket strippability facilitates termina
tion 

" Reduced halogen design 

" Low smoke jacket 

* Lead free jacket

Performance Standards 
" UL listed. Type TC (UL 1277) 

" UL listed for direct burial and sunlight 

" Passes ICEA "10.000 BTU/hr vertical 
tray flame test 

" Passes IEEE-S 83 70.000 BTU/hr verti
cal tray flame test 

" Single conductors passL VW-l flame 
test 

" In accordance with the National Elec
trical Code - Article 340 

" Singyle conductors in accordance with 
performance requirements of ICEA 

" S-66-524 and UL -44. Class XL 

" Jacket exceeds the requirements of UL 
Class XLI9'C 

" UL approved for 90"C operation in 
bot~h wet and dry locations

Construction 
Conductor: 
Annealed, tin-coated copper. Class "B* 
strand (ASTM B-8 & B-33) 

Insulation: 
Flame retardant crosslinked polvolefin.  
meeting performance requirements of 
ICEA §-66-524 and UL 44 Class XL 

Circuit Identification: 
Printed numbers per ICEA M*.ethod 4 

Ground Wire(s): 
Annealed copper. Class-1B" strand. sized 
to comply with UL 1277 requirements 

Fillers: 
When required. non-hygroscopic and non
wickingC 

Binder Tape: 
Non-hygroscopic and non-wicking 

Jacket: 
Reduced wall, black flame retardant. low 
smoke, zero halogen. crosslinked 
polyolefin jacket

*Rated 90TC for normal operation in wet and dry locations. 130TC for emrergenicy ovefload conditions. and 250TC for short circuit conditions.



Scope 
X-LinkTC is the smallest thermoset, UL listed, Type TC Instrumentation 
Cable available in the industry today. X-LinkTC is 30% to 40% smaller 
in diameter than standard 600 volt cable. It may be installed in wet or 
dry locations, indoors and outdoors, in metal trays, ducts, conduits or in 
direct burial applications. It is ideal -for applications in substations, 
cogeneration., waste/energy and industrial facilities to perform a variety of 
signaling, data acquisition and monitoring functions. Designed for use on.circuits where complete isolation is external inteference.  

Features 
- Thermoset insulation and jacket for enhanced 

thermal stability 

- Small diameter 

- Economical 

- More cables per tray or conduit 

- 600 volt rating allows cables to be run in 
trays without separation (300 vs 600 volt) 

- Flame retardant 

*Light weight 

- Flexible 

- Heat, moisture, abrasion and crush resistant 
-Easily pulled (low friction jacket) 

- Tin-coated conductors for improved termi
nations and corrosion resistance 

- Jackets have printed sequential footage 
markers for improved inventory control 

*Jacket strippabilitv facilitates termination 

* Shield to shield isolation system provided 
and verified by electrical testing 

*Reduced halogen design 

Low smoke jacket 

*Lead free jacket

required between pairs and from 

Performance Standards 
* L L listed. Type TC (L- 1277) 

* UL listed for sunlight resistance 

" Passes ICEA 2 10.000 BTU/hr vertical tray 
flame test 

" Passes IEEE-383 70.000 BT-U/hr vertical 
tray flame test 

* Single conductors pass UL VW- 1 flame test 

" In accordance with the National Electrical 
Code - Article 340 

" Insulation in accordance with performance 
requirements of ICEA S-66-5 24 and L 44.  
Class XL 

" Single conductors in accordance with AWM 
style No. 3502 

" Jacket exceeds the requirements of UL Class 
XLI9O0C 

" UL approved for 901C operation in both wet 
and dry locations

Construction
Conductor: 
Tin-coated copper conductors. Class "' 
strand (ASTVI B-8 & B-33) 

Insulation: 
210 mils of flame retardant crosslinked 
polyolefin 

Pair Assembly: 
Two insulated conductors tv isted with a 
flexible strand, tin-coated copper drain wire.  
a helically applied aluminum/polyester 
laminated tape shield and an isolation tape 

Cabling: 
Required number of pairs cabled 

Circuit Identification: 
One black & one red insulated sinele conduc
tor in each pair with printed pair numbers on 
both singles for pair identification (alternate 
methods also available) 

Fillers: 
When required. non-hvg-roscopic and 
non-wickin2 

Overall Shield System: 
Helically applied aluminum/polyester lami
nated tape shield in continuous contact with 
a flexible strand, tin-coated copper drain wire, 

Binder Tape: 
Non-hygroscopic and non-wicking 

Jacket: 
Reduced wall, black flame retardant, low 
smoke. zero halogen. crosslinked polyolefin 
jacket 

Rated 90*C for normal operation in wet and dry 
locations. i 30'~C for emergency overload conditions.  
and 250*C for short circuit conditions.
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Typical Plot of the Inverse of Time verses External Heat Flux 

(Exerpt from EPRI Report NP-1200)
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Section 3/Chapter 4

GENERATION OF HEAT 
AND CHEMICAL 

COMPOUNDS IN FIRES 
Archibald Tewarson

INTrRODUCTION 
Fire hazard is characterized by the generation of calo

rific energy and products. per unit of time, as a result of the 
chemical reactions between surfaces and vapors of materials 
ad( oxygen from air. If. heat is the major contributor to 
hazard, it is defined as thermal hazard. I If fire products 
(smoke, toxic, corrosive, and odorous Compounds) are the 
major contributors to hazard, it is defined as nonthermal 
hazard.' Various tests arc used to determine the generation 
per unit of time of: (1) the calorific energy. defined as the heat 
release rate; and (2) fire products. The heat release rate and 
generation rates of fire products normalized by the genera
tion rate of material vapors, airflow, etc., defined as fire 
properties, are used in models to predict: (1) heat release rate 
to assess the thermal hazard and fire protection needs; and 
(2) generation rates of fire products to assess the nontherrnal 
hazard due to reduced visibility, and smoke damage, toxic
ity, corrosivity. aind protection needs.' 

.The region where vapors are generated is defined as the 
pyrolysis region and its leading edge as the pyrolysis front.  
The initiation of flaming fire is defined as ignition. Ignition is 
a process where v'apors generated by heating the surface of a 
material mix with air, form a combustible mixture, ignite, 
and a fire is initiated. The region where the ignition process 
occurs is defined as the ignition zone. Minimum heat flux at 
or below which a material cannot generate the combustible 
mixture is defined as the Critical Heat Flux (GHF).' 4" The 
resistance of a material to generate a combustible mixture is 
defined as the Thermal Response Parameter (TRP).1- 4 The 
hig~her the CHF and TRP values, the longer it takes for the 
material to heat up. ignite, and initiate a fire, and thus lower 
the fire propagation rate.  

Depending onl the magnitude of the heat flux provided 
by external sources and the flame of the material burning in 
the ignition zone. thc pyrolysis front and flame can move 
beyond the ignition zone. The movement of the pyrolysis 

Dr. Archibald Tewarson is Senior Research Specialist and Manager.  
Flammability Section, Factory Mutual Research Corporation. His re
search has focused on chemical kinetics. chemnilumninescanca, and 
chemnical aspects of fires.

front 4s defined as ire propagation. The rate of movement of 
thec pyrolvsis front onl the surface is defined as the fire prop
agation rate.  

Heat and chemical compounds are generated as a result 
of the chemical reactions between: (1) pyrolyzing material 
vapors and oxygen in the gas phase, and (2) pyrolyzing 
material surface and oxygen in the solid phase. Heat gener
ated in chemical reactions is defined as the chemical 
hea t. 2-4 The rate of generation of chemical heat is defined as 
the chemical heat release rate. The chemical heat release 
rate distributes itself into a convective component, defined 
as the convective heat release rate, and into a radiative 
component, defined as the radiative heat release rate.2 -

4 

Convective heat release is associated with the flow of a hot 
products-air mixture, and radiative heat release is associated 
with the elect romagnet ic emission from the flame.  

In a majority of cases, hazards to life and property are 
due to fires in enclosed spaces, such as in buildings. In 
general, fires in enclosed spaces are characterized by an 
upper and a lower layer. The main constituents of the upper 
layer are the hot fire products, and the'main constituent of 
the lower layer is fresh air. In early stages, a building fire is 
well-ventilated, and is easy to control and extinguish. How
ever. if the fire is allowed to. grow, especially with limited 
enclosure ventilation and large material surface area, the 
chemical reactions between oxygen from air and products of 
incomplete combustion (smoke, CO, hydrocarbons, and 
other intermediate products) remain incomplete, resulting 
in an increase in nonthermal hazard. Rapid increase in the 
generation -rates of products of incomplete combustion and 
growth rate of the fire, due to sudden and dramatic involve
ment of most of the exposed material surfaces, is termed 
flashover. Flashover is the most dangerous condition in a fire.  

Heat release rate and generation rates of fire products as 
well as their nature are governed by: (1) fire initiation within 
the ignition zone-, (2) fire propagation rate beyond the igni
tion zone; (3) fire ventilation; (4) external heat sources; (5) 
presence or absence of the fire suppression/extinguishing 
agents; and (6) materials: (a) their shapes, sizes, and arrange
ments; (b) their chemical natures; (c) types of additives 
mixed in-, and (d) presence of other materials. In this hand
book most of these areas have been discussed from a funda
mental as well as applied views. For example, the mecha
nisms of thermal decomposition of polymers, which govern
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Fig. 3-4.1. Ohio Stole University's (OSU) heal release role 
apparatus.
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the generation rates of material vapors, is discussed by Bey
ler in Section 1, Chapter 7; generation rate of heat (or heat 
release rate) from the viewpoint of thermochemnistry is dis
cussed by Drysdale in Section 1, Chapter 5; and its relation
ship with flame height by McCaffrey in Section 2. Chapter 1.  
Flaming ignition of the mixture of material vapors and air is 
discussed by Kanury in Section 2, Chapter 13; and surface 
flame spread by Quintiere in Section 2, Chapter 14.  

This chapter presents the applications of the principles 
discussed in several chapters in this handbook to determine 
the fire properties of materials. Simple calculations have 
been included in the chapter to show how the properties can 
be used for various applications.  

CONCEPTS GOVERNING GENERATION 
OF HEAT AND CHEMICAL 

COMPOUNDS IN FIRES 
Fire Initiation (Ignition) 

* The fundamental ignition principles are described in 
detail by Kanury in Section 2, Chapter 13. The principles 
suggest that, for fire initiation, a material has to be heated 
above its CHF value (CHF value is related to the fire point).  
The CHF value can be determined in one of the several heat 
release rate apparatuses, e.g.. the Ohio Stqte University's (OSU)

heat release rate apparatuS.54 shown in Figurc 3-4.1; thc 
Flammability Apparatus,.' -. 9- ' shown in Figures 3-4.2. parts 
(a) and (b); and in the Cone Calorimeter, 17-19 shown in Figure 
3-4.3. The design features, test conditions, and types of mea
surements for the three apparatuses are listed in Table 3-4. 1.  

Typically the CHF values are determined by exposing 
the horizontal sample (e.g., about 100-mm diameter or about 
100 X 100-mm square and tip to about 100-mm in thickness 
with blackened surface in the Flammability Apparatus) to 
various external heat flux values until a value is found at 
which there is no ignition for about 15 m'n.  

As the surface is exposed to heat flux, initially mos, of 
the heat is transferred to the interior of the material. The 
ignition principles suggest that the rate with which heat is 
transferred depends on the ignition temperature (Ti8 I, ambi
ent temperature (To), material thermal conductivity (k), ma
terial specific heat (cp), and the material density (p). (See 
Section 2. Chapter 13.) The combined effects are expressed 
by a parameter defined as the Thermal Response Parameter 
(TRP) of the material'- 4 9 -'3 

TRP = ATg 8Vkpcp(1 

Where AT,,g( Tg - T,,) is the ignition temperature above 
ambient (K). k is in kWA/m-K, p is in g/M 3 , cp is in kj/g-K. and 
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Fig. 3-.2(a). Flammability Apparatus designed by the Factory 
Mutual Research Corporation (FM*RC). Sample configuration for 
ignition. pyrolysis, and combustion tests. 1-4 0-la
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GENERATION OF HEAT AND CHEMICAL C:OMPOUNDS IN.FIRES 3-55

TrRP is in kW-s"2 /m2. TRP is a very useful parameter for the 
engineering calculations to assess resistance to ignition and 
fire propagation..  

The ignition principles (see Section 2. Chapter 13) sug
gest that, for thermally thick materials. the inverse of the 
square root of time to ignition is expected to be -a linear 
function of the external heat flux away from the Cl-F value 

T RP12 

wheret- is time to ign ition (sec), 4,", is thle ex ternal heat flitx 
(kW/myl and CHF is in kW/m1. Most commonly used mna
terials behave as thermally thick materials and satisfy Equa
tion 2. such as shown by the data in Figures 3-4.4 for poly
niethylinethacrylate (PMMA); in Figutre 3-4.5 for heavy 
corrugated paper sheets, measured in the Flammability Ap
paratuis; and in Figure 3-4.6 for non-blackened samples, 
measured in the Cone Calorimeter. The cone Calorimeter 
data are taken from reference 20.  

The value of the Thermal Response Pairamieter is deter
mined, for example, in the FlammabilitY Apparatus, by: (1) 
measuring the time to ignition for 100 x 100-mmn square or 
100-mim diameter and tip to 25-mm-thick samples at differ-

COMBUSTION 
PRODUCTS

PRODUCT 
SAMPLE 

ANALYSIS

COLLECTION 
L. HOOD

VERTICAL ORIENTATION

Fig. 3-4.3. The Cone Calorimeter designed at thc Arotionol In
st it ute of Standards and Technology (NISTj. "' 

ent external heat flux values for samples with surfaces 
blackened with a very thin layer of black paint or fine graph
ite powder to avoid errors due to differences in the radiation 
absorption characteristics of the materials, and (2) perform-
ing a linear regression analysis of the data away from critical 
heat flux, following Equation 2, and recording the inverse of 
the slope of the line.  

The value of the Thermal Response Parameter for a 
surface that is not blackened is higher than-the value for the 
blackened surface. For example, for non-blackened and 
blackened surfaces of polymethylmethacryla te (PMMA).  
TRP = 383 and 274 kW-sII2/M2 , respectively, from the 
Flammability Appara tus.2 The value for the Thermal Re
sponse Parameter for a blackened surface of PMMA is close

ALUMINUM 
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CYLINDER 

QUARTZ 
TUBE*

SAMPLE 
-CONVEYOR 

BELT 

INFRA-RED 
-/HEATERS (4)

ALUMINUM 
SUPPORT 
CYLINDER 

AIR + 
OXYGEN-

SAMPLE 
- SUPPORT 

(ON LOAD 
CELL) 

AIR 
DISTRIBUTION 

Box

Fig. 3-4.2(b). Flammability Apparatus designed by the Factory 
Mutual Research Corporation (FMfRC). Sample configuration for 
fire propagation tests. 1-4.8 -18 A conveyor belt sample is shown.
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Fig. 3-4.4. Square root of lthe inverse of time to ignition vs ext er
nal heat flux for 100 x 100 x 25-mm-thick polynmethylmethacry.  
late (PMMA) slab with blackened swiace. Data measured in Hlam
mobility Apparatus and reported in reference 2 are shown.
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TABLE 3-4.1 Design Features, Test Conditions, and Types of Measurements 
for OSU and Flammability Apparatuses, and NIST Cone Calorimeter 

Design and Test Conditions OSU* Flammability Apparatus Cone? 

Inlet gas flow Co-flow Co-flow/natural Natural 
Oxygen concentration ()21 0 to 60 21 
Co-flow gas velocity (m/s) 0.49 0to 0.146 NA 
External heaters Silicon Carbide Tungsten-Quartz Electrical Coils 
External heat flux (kW/M 2) 0 to 100 01to65 0 to 100 
Exhaust product flow (M3IS) 0 04 0.035 to 0.364 0.01,2 to 0.035 
Horizontal sample dimensions (mm) 110 x 150 100 X 100 100 x 100 
Vertical sample dimensions (mm) 150 x 150 100 x 600 100 x 100 
Ignition source Pilot flame Pilot flame -Spark plug 
Heat release rate capacity (kW) 8 50 8 

Measurements 
Time to ignition yes yes yes 
Material gasification rate no yes yes 
Fire propagation rate no yes no 
Generation rates of fire products yes yes yes 
Light obscuration by smoke yes yes yes 
Optical properties of smoke no . yes no 
Electrical properties of smoke no yes no 
Gas-phase corrosion no yes no 
Chemical heal release rate yes yes yes 
Convective heat release rate yes yes no 
Radiative heat release rate no yes no 
Flame extinction 

By water no yes no 
By halon no yes no 
By halon alternates no yes no 

*As specfied in ASTM E 906-837 and by DOr/AAS 
'As specified in ASTM E 1354-9019

0-20 %Coating 
Z 

0 0.3 
ZC 

Uj 0.2 0 

0.0N .  
0 20 40 60 80 

EXTERNAL HEAT FLUX 
tkW/mr) 

Fig. 3-4-5. Square root of the inverse offimne to ignition vs ex
ternal heat flux for two 100 x 100 x 1 l-mm-thick sheets of heavy 
corrugated paper with blackened surface. Data measured in 
Flammability Apparatus.

0 20 40 60 80 100 
EXTERNAL HEAT FLUX (tcW/m') 

Fig. 3-4.6. Square root of the inverse of time to ignition vs ex
ternalheatfluxfor 100 x 100-mm non-blackened surfaces of l0
x Il1-mm-f hick polyvinyl ester (P VEST), I11-mm-thick epoxy. and 
6-mm-thick wood (hemlock). Data measured in the Cone Cao
rimeter as reported in reference 20 are shown.
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to the value calculated from tlie knowvn Ti. k, p. and cp 
values for PMMA. 2 

The Thermal Response Parameter dlepends on thc chcin
ical as well as the physical properties of materials, such as the 
chemical structure, fire retardants. thickness. etc. Forexample.  
Figure 3-4.7 shows that thle Thermal Response Parameter in
creases with sample thickness and increases in the amount of 
passive fire protection agent used, such as provided by a stir
face coating to a heavy corrugated paper sheet.  

The Critical Heat Flux and the ilierinal Response Pa
rameter valutes for materials derived from the ignition data 
measured in the Flammability Apparatus and the Cone Cal
orimeter (as reported inl reference 20) are listed in Table 
3-4.2. In the Cone Calorimeter, the surface was not black
ened, and thus the values of the Thermal Response Param
eter may be somewhat higher than expected from the Tig. k, 
p. and cp values.  

EXAMPLE 1: 

In a fire, newspaper and polyp~ropylene are exposed to ar 
heat flux value of 50 kW/m,2. Estimate which material will 
ignite first, assuming physical conditions to be very similar 
for both the materials.

LU 500 

<~ 450 

CL 
wL 
or 
C) 40 

S350 
or

S-2 Polyester / Fiberglass

H

t_

I I I I . . I I , I . I
0 5 10 15 20 25 30 35 40 45 50

SAMPLE THICKNESS (mm)

0 5 .10 . 15 20 
SURFACE COATING (weight percent)

Fig. 3-4.7. Thermal Response Parameter vs thickness for 
polyest er/fiberglass sample and weight percent of surface cod 
ingfor the heavy corrugated paper. Data measured in the Fla 
mobility Apparatus. w is weight %.

I I

SOLUTION: 

From Table 3-4.2, for newspaipcr Mnd polypropylenle.  
CE-F =10 and 13 kW/m 2, respectively, and TRP = 108 and 
193 kW-s'12/nm2 . respectively. Substituting these values in 
Equation 2 with 4; = 50 kW/n12. thle timljes to ignition are 
calculated to be 6 anol 24 sec for newspaper and poly 
propylene, respectively. Thus, neovslapei wilt ignite first.  

EXAMPLE 2: 

Halogenated materials are obtained by' replacing hydiro
gen. atoms by halogen atoms in the chemical structures of the 
materials. For example. a unit in pol-ethylene (PFE) consists 
Of C2H4. If a hydrogen atom (H) is replaced by a chlorine 
atom (Cl) in a PE ttnit, it becomes a unit of rigid p~olyvinyl
chloride (PVC), i.e., C2H3CI. If two H atomis are replaced by 
two~fluorine atoms (F) in a PE unit, it becomes a unit of 
Tefzel- (ethylene tetrafluorethylenie), i.e., C,H,F.,. If all thle 
hydrogen atoms are replaced by four F atomns in a PE unit, it 
becomes a unit of Teflon" (polytetrafluoroethvlene). i.e.  
C2F4.,Show how the replacement of hydrogen atums by the 
halogen atomns affects the ignitabilitv of the materials.  

SOLUTION: 

From Table 3-4.2, for PE (high dlensity). P\'L (rigid), 
Tefzel", and~reflon'-, the CHF values aie 15. 15, 27, and 38 
kW/m 2, respectively, and the TRP values are 321. 406, 356, 
and 682 kW-s"/2/m2, respectively. Inl the calculations, it is 
assumed that these materials are exposed to a uniform heat 
flux of 60 kW/m 2 in a fire under very similar physical con
ditions. From Equation 2, using 4; = 60 kW/m 2 . & h times to 
ignition for PE (high density), PVC (rigid). Tefzel'", and 
Teflon - are calculated to be 40, 64, 9 1, and 755 sec, respec
tively. Thus, resistance to ignition increases as the hydrogen 
atom is replaced by the halogen atom inl the chemical struc
ture of PE. The higher the number of hydrogen atoms re
placed by the halogen atoms in the structure, the higher the 
resistance to ignition. When all the hydrogen atoms are re
placed by the fluorine atoms, the material becomes highly 
resistant to ignition.

Fire Propagation 
7T The fundamental surface flame spread principles are 

described -by Quintiere in Section 2, Chapter 14. According 
to these principles, the fire propagation process, as indicated 
by surface flame spread, can be explained as follows.  

As a material is exposed to heat flux from internal 
and/or external heat sources, a combustible mixture is 
formed that ignites, and a flame anchors itself on the surface 
in the ignition zone. As the vapors of the material burn in the 
flame, they release heat with a certain rate, defined as the 
chemical heat release rate.* Part of the chemical heat release 
rate is transferred beyond the ignition zone as conductive 
heat flux through the solid and as convective and radiative 
beat fluxes from the flame. If the heat flux transferred be

_l yond the ignition zone satisfies the Critical Heat Flux, Ther
25 mal Response Parameter, and gasification requirements of 

the material, the pyrolysis and flame fronts move beyond the 
ignition zone and the flame anchors itself over additional 
surface. Due to increase in the burning surface area, flame

* n earlier papers, it was defined as the actual heat release rate, QA.

)-2
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TABLE 3-4.2 Critical Heat Flux and Thermal Response Parameter of Materials 

TRP 
CHF (kW-s'"2/M2) 

(kWrI 2) 
Flammability Flammability Cane 

Materials Apparatus Apparatus Calorimeter* 

Natural Materials 
Flour 10 218 
Sugar '10 255 
Tissue paper 10 95 
Newspaper 10 108 
Wood (red oak) 10 134 
Wood (Douglas fir) 10 138 
Corrugated paper (light) 10 152 
Corrugated paper (heavy) 

No coating 10 189 
Coating (10% by weight) 15 435 
Coating (15% by weight) 15 526 
Coating (20% by weight) 15 714 

Wood (hemlock) - 175 
wool 100% - 252 
Wood (Douglas fir/fire retardant, FR) 10 251 

Synthetic Materials 
Epoxy resin *457 

Polystyrene (PS) 13 162 
Acrylic fiber 100% - 180 
Polypropylene (PP) 15 193 291 
PP/FR panel 15 315 
Styrene -butadiene (SB) 10 198 
Crosslinked polyethylenes (XLPE) 15 224-30 1 
Polyvinyl ester - 263 
Polyoxymethylene 13 269 
Nylon 15 270 

SPolyamicle-6 379 

V sophthalic polyester PMA 11 274 
Acrytonitrile-butadiene-styrene (ABS) - 317 
Polyethylene (high density) (PE) 15 321 364 
PElnonhalogenated tire retardants 15 652-705 
Polyvinyl ester panels 13-15 440-700 
Modified acrylic (FR) 526 
Polycarbonate 15 331 
Polycarbonate panel 16 420 

Halo genated Materials 
Isoprene .10 174 
Polyvinytchloride (PVC) 10t 194 
Plasticized PVC. LOI = 0.20 -285 
Plasticized PVC, LOI = 0.25 401 
Plasticized PVC. LOI = 0.30 397 
Plasticized PVC, LOI = 0.35 345 
Rigid PVC, LOI = 0.50 -388 
Rigid PVCI 15 406 
Rigid PVC2 15 418 
PVC panel 17 321 
PVC fabric 26 217 
PVC sheets 15 A46-590 
Ethylene tetrafluoroethylene (ETFE). Tetzel'* 27 356 
Fluorinated ethylene-propylene (FEP). Teflon- 38 682 
Teflon fabric 50 299 
Teflon coated on metal 20 488 

Composite and Fiberglass-Reinforced Materials 
Polyether ether ketone-30% fiberglass -301 
lsophthalic polyester-77% fiberglass 426 
Polyethersuffone-30% fiberglass 256 
Polyester I -fiberglass -430 
Polyester 2-fiberglass 10 275 
Polyester 3-fiberglass 10 382 

* Polyester 4-fiberglass 15 406.  
Polyester 5-fiberglass 10 338 
Epoxy Kevtar- (thin sheet) - 120 
Epoxy fiberglass (thin sheet) 10 156 198 
Epoxy graphite 1539 
Epoxy 1 -fiberglass 10 420 
Epoxy 2-fiberglass f15 540 
Epoxy 3-fiberglass 15 500 

*Calcii e trom the ignition data repouted In refeece 20.
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TABLE 3-4.2 Critical Heat Fl ux and Thermal Response Parameter of Materials (Continued) 

TRP 
CHF ks/2r) 

(kW/M2)(W-"/) 
Flammability Flammability Cone 

Materials Apparatus Apparatus Calorimeter* 

Composite and Fiberglass-Reinforced Materials (Continued) 
Epoxy 4-fiberglass 10 .388 
Epoxy resin-69% fiberglass - 688 
Epoxy-graphite 1 481 
Epoxy-graphite 1 /ceramic coaling (CC) 2273 
Epoxy-graphite 1/intumnescent coaling (IC) 962 
Epoxy-graphite 1/IC-CC 1786, 
Polyvinyl ester 1 -69% fiberglass 444 
Polyvinyl ester 2-fiberglass 281 
Polyvinyl ester 2 - fiberglass/CC 676 
Polyvinyl ester 2-fiberglass/C 1471 
Polyvinyl ester 2-fiberglass/C-CC - 1923 
Graphite composite 40 400 
Phenolic fiberglass (thin sheet) 33 105 172 
Phenolic fiberglass (thick sheet) 20 610 
Phenolic-graphite 1 20 333 
Phenolic-graphite 2 400 
Phenolic kevlar (thin sheet) 20 *185 258 
Phenolic kevlar (thick sheet) 15 403 
Phenolic- graphite 1/CC - 807 
Phenolic-graphite 1/IC 1563 

Foams OWal-Ceiling Insulation Materials, etc) 
Polyurethane foams 13-40 .55-221 
Polystyrene foams 10-15 111-317 
Phenolic 20 610 
Phenolic laminate-45% glass - 683 
Latex foams 16 113-172 I Materials with Fiberweb, Net-Like and Multiplex Structures 
Polypropylenes 8-15 108-417 
Polyester- polypropylene 10 139 
Wood pulp-polypropylene 18 90 
Polyester 8-18 94-383 
Rayon 14-17 161-227 
Polyester-rayon 13-17 119-286 
Wool-nylon 15 293
Nylon 15 264 
Cellulose 13 159
Cellulose-polyester 13-16 149-217 

Electrical Cables -Power 
PVC/PVC 13-25 156-341 
PE/PVC 15 221-244 
PVC/FE 15 263 
Silicone/PVC 19 212 
Silicone/cross linked polyolefin (XLPO) 25-30 435-457 
EPR (ethylene-propylene rubber/EPR) 20-23 467-567 
XLPEIXLPE 20-25 273-386 
XLPEIEVA (ethyl-vinyl acetate) 12-22 442-503 
XLPElNeoprene 15 291 
XLPO/XLPO 16-25 461 -535 
XLPO, PVF(polyvinylidine fluoride)/XLPO 14-17 413-639 
EPR/Chlorosulfonaled PE 14-19 2813-416 
EPR, FR 14-28 289-448 
Electrical Cables - Communications 
PVC/PVC, 15 131 
PE/PVC 20 183 
XLPE/XLPO 20 461 -535 
Si/XLPO 20 457 
EPR-FR 19 295 
Chlorinated PE .12 217 
ETFE/EVA 22 454 
PVC/PVF 30 264.  IFEIWFEP 36 638-652 
Conveyor Belts 
Stytene-butadiene rubber (SBR) 10-15 336-429 
Ctiioroprene rubber (CR) 15 70 CR/SBR 1 0 PVC 15-20 343-640 

-Calculted from the ignition dada reported in reference 20.
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*3-60 DESIGN CALCULATIONS

height, chemical heat release rate, and heat flux transferred 
ahead of the pyrolysis front all increase. The pyrolysis and 
flame fronts move again, and the process keeps repeating 
itself and burning area keeps increasing. Fire propagation on 
the surface continues as long as the heat flux transferred 
ahead of the pyrolysis front (fronm the flame or external heat 
sources) satisfies the Critical Heat Flux, Thermal Response 
Parameter, and gasification requirements of the material.  

The rate of movement of the pyrolysis front is benerally 
uised to define the fire propagation rate 

U=dX,, (3) 
dt 

where u is the fire propagation rate (mim or /s), a nd Xp, is the 
pyrolysis front (mm or in).  

The fire propagation rate can be determined] in one of 
the several apparatuses: (1) the LIFT described by Quintiere 
in Section 2, Chapter 14; (2) the Flammability Apparatus 
(50- and 500-kW scale); the 50-kW scale apparatus is shown 
in Figure 3-4.2(b); and (3) the Fire Products Collector 
(1O,OOO-kW scale Flammability Apparatus) shown in Figure 
3-4.8. Examples of the type of data obtained from the Flam
inability Apparatus are shown in Figures 3-4.9 through 
3-4.12. In Figure 3-4.12, heat release rates increase linearly 
with time during downward fire propagation, very similar to

/POLLUTION CONTROL DUCT 
2.0 mdia (6.5fIt)

SAMPLING DUCT 
1.5 m(5.0 ft)-

18.3 m 
(60.0 ft) 

6.1m 

9.6 m 
(41.4 ft) 

~PLATFORMI
FLOOR

(31.9 ft) 

Ti (20.0 It)

3.1m 
(10.0 ft)

ig. 3.4.8. The Fire Products Collector (10,000-k W-.cale Flamn
inability Apparat us) for large-scale combustion and fire propa
gation tests. Corrugated boxes with various products, arranged 
in twa-pallet loads x two-pallet loads x two-pallet loads high 
are shown. Thje Fire Products Collector is designed by the Factory 
Mfutual Research Corporation.

400 1 1 I I I I I

300 F-

.E200

100

0 

0 200 400 600 800 1000 
TIME (sec) 

Fig. 3-4.9. Pyrolysis front versus time for the downward fire 
propagation for 300-mm long, 100-mm wvide, and 25-mm thick 
PMMA i'ert ical slab under opposed airflowv condition in the Flom
mobility Apparatus. Airflow velocity' = 0.09 ni/s. Oxygen mass 
fraction = 0.334. (Figure is taken from reference 2.) 

the pyrolysis front values for the downward fire propagation 
in Figure 3-4.9.  

The slopes of the lines in Figures 3-4.9 through 3-4.12 
represent fire propagation rates. The upward fire propaga
tion rate is much faster than the downward fire propagation 
rate. For downward fire propagation, linear increases in the 
pyrolysis front and heat release rates indicate decelerating 
fire propagation behavior. For upward fire propagation, non
linear increases in the pyrolysis front indicate accelerating 
fire propagation behavior.  
Relationship between fire propagation rate, flame height, 
pyrolysis front, and heat release rate: Numerous re
searchers have found the following relationship between the

200 300 
TIME (sec)

Fig. 3-4.10. Pyralysis front versus time for the upward fireprop
agation for 600-mm long, 100-mm wide, and 25-mm thick PM(MA 
vertical slab under co-airflow condition in the Flammability Ap
paratus. Airflow velocity -0.09 ml,.. Oxygen mass fraction= 
0. 233. (Figure is taken from reference 2.)



I LLI,\IJU~~ALrL5 I UUU1 PU [I. le~ta-28U 3O:11 1995 
;Ame/drive2/nf/9408 - 1lspfe/chap03 -04 

GENERATION OF HEAT AND CHEMICAL COMPOUND)S IN FIRES 3-61 

700xf 
=_ o(NCHRRVn 6) 

X11 
600 0where a and ni are constants. T[his relationship repoit.!i i in 

0446 0279 0 0 the. literature (ais reviewed in reference 2) for itig, 
50 -ethane. and propylene is showin in Figure 3-4.14. Tlhe dla 

for theup~ward fire propagation for IIXI\IA from tile Fldnica
bilitv Apparatus2 and for the electrical cables from thc smvuial 

400 F standlard tests lor cables (UJL-1 581. ICEA, and C"U - i -ilso E_ satisfy this relationship as indicated'in Figuire 3-4.14." 
in Finure 3-4.14. data in the lower left-hand corner arc 

FO 2 5 31for the low-intensity polvvinvlchloride (PVC) electica c
ble fire propagation~ in the standard tests for cables. *Uhec 
data show that fo-r NCHRR < 0.2 .X1 'X,) < 1.5, and n 
This is a characteristic property of materials for which there 

100 -is either no fire propagation or a limited fire propagation beyond the ignition zone. These materials are defined as 0 
0 100 200 300 400 

TIME (sec) 
12 

Fig. 3-4.11. Pyrolysis front versiis lime for the upward fire prop
agat ion for 600-mm long (hid 25-nun thick diameter PMMA cyl- Flame Spread Entire Surface 
inder under co-airflow condition in the Flammability Apparatus. 10 0.446 Burning 
Airflowi velocity = 0.09 mi's. ;Vihers inside the frames are the 
mussfrtuaois of oxygen in aji- (Figure is taken from reference 2.) 

flame height and pyrolysis front (as discussed by Quintiere= Iin Section 2. Chapter 14 and reviewed in references 2 and 21) ~ 6 - W 

= X(4)IL 

where Xf is the flame height (im). X,1 is in m, a =5.35, and 
n = 0.60 to 0.80 for steady wall flires.2 

Fire propagation data for PMMA from the Flammability2 
Apparatus2 and for electrical cables from several standard 
tests for cables (ICEA. CSA FI'-4. and UL-1581) 9 satisfy 00.3 
Equation 4, as shown in Figure 3-4.13. with a = 5.32 and T 

n = 0.78. The visual measurement of the pyrolysis front as7 damage length is used for the acceptance criterion in many 
of the standard tests for electrical cables. For example, for N upward fire propagation in the CSA FT-4, damage length 61 
less than 60 percent of the total length of the cable tray for N-0 20-mmn exposure time is used as the acceptance criterion.9  5"1C 
For horizontal fire propagation in the UL-1581 test, flame 
length of less than 40 percent of the total length of the cable4 
tray is used as the acceptance criterion.9 

The relationship between the flame height and the .0 
chemical heat release rate, expressed as the 'normalized 
chemical heat release rate (NCHRR), has been enumerated2 
by McCaffrey in Section 2. Chapter 1. NCHRR is defined as2 
(see Section 2, Chapter 1) 

NCHRR =(5) 0 
pc P~g/XI 0 200 400 600 800 1000 1200 1400 

where Q~h is the chemical heat release rate per unit width TIME (sec) (kW/m). p is the density of air (g/mI c ,, is the specific heat 
of air (kJ/g-K), To is the ambient temperature (K). g is accel- Fig. 3-4.12. Chemical and convective heat release rate versus eration due to gravity (mf). and X,, is in m. time for the down ward fire propagation. combustion, and flame 

Many researchers have shown that the ratio of the flame extinction for 300-mm long. 100-mmn wide, and 25-mm thick height to pyrolysis front is'a function of the heat release rate. PMMA vert ical slab under opposed airflow condition in (he Flamsuch as thle following relationship (as discussed by Quin- mability Apparat us. Airflow velocity i: 0.09 mis. Numbers inside tiere in Section 2, Chapter 14 and reviewed in references 2 the frames are the mass fractions of oxygen in air. (Figure is and 21) taken from reference 2.)
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N Cable ICEA Yo .0.233) 
A Cable (CSA FT- 4: Y. -.0.233) 
0 Cable (UL- I1;1Y.-.233) 
0 PMMA (FMRC -Cylnder: Y. .0.233)
A PMMA (FMRC - Cylinder 2; Y. - 0.233) 
0 PMMA (FMRC - Slab; Y. -.0.233) 

E - *PMMA(FIVRC Cyid1:Y. .0.445) A41

W X, =5 32 X 0
.
7 8  , ' 

04 
1002 

10' 10210 
PYROLYSIS FRONT (mm) 

Fig. 3-4.13. Flame height versus pyrolysis front for the upward 
fire propagation in normal air. Data are for the vertical fire 
propagation for electrical cables contained in 2.44-rn long, 
310-mm wide, and 76-mm deep trays in standard tests for elec
trical cables (ICEA, GSA FT-4, and UL- 1581) and for 600-mm long 

*PMMA slabs (100-mm wide and 25-mm thick) and cylinder 
'25-mm diameter) in the Flammability Apparatus. Data for fire 
ropagation in an oxygen mass fraction of 0.445 are also in

cluded. (Figure is taken from references 2 and 9.) 

Group 1 materialS. 4 9- 5 Gables with Group 1 material char
acteristics pass the standard tests for cables (UL-9lo, GSA 
FT-4, IJL-1581, and IGEA). The data for higher intensity fire 
propagation in Figure 3-4.14 show that: (1) for 0.2 > NCHRR 
< 5, n = V3i, and 1.5 > Xj/X, < 20 (PMMA fire propagation 
and methane combustion); and (2) for NGHRR > 5. n = I/z 
and XjIXp > 20 (ethane and propylene combustion). Thus, 
the ratio of the flame height to pyrolysis front is a good 
indicator of the fire propagation characteristics of the mate
rials. Materials for which flame height is close to the pyrol
ysis front during fire propagation can be useful indicators of 
decelerating fire propagation behavior.  

Researchers have also developed many correlations be
tween the flame heat flux transferred ahead of the pyrolysis 
front and heat release rate for downward, upward, and hor
izontal fire propagation (as discussed by Quintiere in Sec
tion 2. Chapter 14 and reviewed in references 2 and 21). For 
example, small- and large-scale fire propagation test data 
from the Flammability Apparatus [Figure 3-4.2(b)] and Fire 
Products Collector (Figure 3-4.8) suggest that, for thermally 
thick materials with highly radiating flames, the following 
semi-empirical relationship is satisfied' 

fXrod (7 

V here 41 is the flame heat flux transferred ahead of the 
pyrolysis front (kW/m2) and Xmd is the radiative fraction of 
the combustion efficiency, Xch. The fire propagation rate is 
expressed as3 

_d ~ R (8)

The. right-hand side of Equation 8. multiplied by 1000 will, 
XmdIX cI, = 0.42 is defined as the Fire Propagation lnde.\ 
(FPI )4.9 -15 

FPI = 1000 TP 

FPI describes the fire propagation behavior of materials 
under highly flame-radiating conditions prevalent in large
scale fires. The small- and large-scale fire propagation test 
data and understanding of the fire propagation suggest that 
the FPI values can be used to classify the materials into four 
grotis2491 

1. FPI1 < 7 (Nlon-Propoantig) Group N- I Materials-Mate
rials for which there is no fire propagation beyond the 
ignition zone. Flame is at critical extinction condition.  

2. 7 < FPI < 10 (Decelerating Propagation): Group D-1I 
Materials- Materials for which fire propagates beyond 
the igni~on zone although in a decelerating fashion. Firc 
propagation beyond the ignition zone is limited.  

3. 10 < FPJ < 20 (Non-Accelerating Propagation): Group 2 
Materials-Materials for which fire propagates slowly be
yond the ignition zone.  

4. FPI > 20 ('Accelerating Propagation): Group 3 Materials
Materials for which fire propagates rapidly beyond the 
ignition zone.  

The FPI values for the upward fire propagation, under 
highly flame-radiating conditions, have been determined for 
numerous materials in the Flammability Apparatus. The 
highly radiating conditions are created by using a value of 
0.40 for the mass fraction of oxygen. Two sets of tests are 
performed:

I- 
z 
0 

U

_j 

0 
a: 
>-10 

U. n

NORMALIZED CHEMICAL HEAT 
RELEASE RATE

Fig. 3-4.14. Ratio of ilame height to pyrolysis front versus tiho 
normalized chemical heat release rote for the upward fire prop
agation in normal air. Data for the diffusion flames of methano.  
ethane, and propylene are from the literature. Data for the ca
bles are from dhe standard tests for electrical cables (ICEA. CSA 
lFT-4, and IJL-1581).9 Data for PMMA arc fromn the Flammability 
Apparatus for 600-mm-long vertical PMMA slabs (100-mm wide, 
25-mm thick) and cylinders (25-mm diameteor).'2 (Figure is taken 
from reference 9.)

Cable (LIL - 1581) 
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Fig. 3-4.15. Fire Propagation Index vcrs us time for a polyet by)
enc (P-rjlpolyvinylchloride (PVC) Grnup 3 cable determined in 
the Flammability Apparatus. This cable does not pass any st an
dard t ests for electrical cables.

1. Thermal Response Parameter 'rest: Ignition tests are 
performed in the Flammability Apparatus [Figure 
3-4.2(a)], and the Thermal Response Parameter value is 
determined from the time to ignition versus external 
heat flux as described in the subsection on fire initia
tion (ignition).  

2. Upward Fire Propagation Test: Fire propagation tests 
for vertical slabs, sheets, or cables are performed in the 
Flammability Apparatus [50- and 500-kW scale, Figure 
3-4.2(b)]. About 300- to 600-mmn-long, uip to about 100
mm-wide, and uip to about 100-nunm-th *ick samples -are 
used. The bottom 120 to 200 mm of the sample is in the 
ignition zone, where it is exposed to 50 kW/m 2 of ex
ternal heat flux in the presence of a pilot flame. Beyond 
the ignition zone, fire propagates by itself, under co
airflow condition with an oxygen mass fraction of 0.40.  
During upward fire propagation, measurement is made 
for the chemical heat release rate as a function of time 
in each test.  

The Thermal Response Parameter value and the chemical 
heat release rate are used in Equation 9 to calculate the Fire 
Propagation Index as a function of time. The Fire Propagation 
Index profile is used to classify materials into Group 1, 2, or 3.  
Application of the Fire Propagation Index (FPI) 
to classify materials 
Electrical Cables: The FMRC standard for cable fire prop
agation Class No. 397214~ is used to classify electrical cables, 
based on their upward fire propagation behavior, under 
highly flame-radiating conditions (oxygen mass fraction = 
0.40), for protection needs in noncombustible occupancies.  
A noncombustible occupancy is defined as an occupancy 
where only specific types of combustibles are present, igni
tion sources are relatively small, and their contributions 
toward thermal and non-thermal hazards are negligible 
compared to the contributions of the combustibles. The ther
mal Response Parameter and upward fire propagation tests 
are performed, and Equation 9 is used to calculate the Fire 
Propagation Index (FPI), as described above. Figure 3-4.15

shows an example of a typical profile for thc Fire Propaga
tion Index versus time for a polyethylene (PE)/polyvinyl
chloride (PVC) cale. This cable does not pass anix of thle 
standard electrical cable tray Fire tests, and the FPI profile in 
Figure 3-4.15 shows that it Is a Group 3 cable.  

The following fire protection guidelines are recoin
mended by FMRC for grouped cables:'1'1. 3

.
14 

1. Group 1 cables do not need additional fire protection in 
noncombustible occupancies with noncombustible con
struction, 

2.. Group 2 cables can be uised without additional fire pro
tection in noncombustible occupancies with noncom
bustible constriiction under certain conditions, and 

3. Group 3 cables nced fire protection.  

Table 3-4.3 lists Fire Propagation Index values for se
lected electrical cables. comp)osites, and convecyor belts.  

&XAMPLE 3.  
What type of fire behavior is represented by a 300-mm,

wide, 8-rn-high. and 25-mnm-thick vertical sheet of a material 
with a Thermal Response Parameter value of 95 kW-s 'I ' m2 

if the peak chemical heat release during the upward fire 
propagation is 50 kW?

SOLUTION: 
Fire propagation behavior is assessed by the FPI value.  

For the material, the chemical heat release rate per unit 
width, Qch = 50/0.3 = 167 kW/m. Substituting this v'alue in 
Equation 9. with TRP = 95 kW-s"/m 2, FPI = 43. The TRP 
value is greater than 20, and thus the material is a Group.3 
material and represents an accelerating fire propagation 
behavior.  

EX4MPLE. 4: 

A noncombus tible cable spread ing room has ani old and 
a new area with a 3-hr-rated solid fire wall between the two.  
The old area is filled with several trays of polyethylene (P17'! 
polyvinylchloride (PVC) communications cables, and the 
new area is filled with several trays of crosslinked polyolefin 
(XLPO/XLPOI communications cables. In order to determine 
the fixed fire protection needs for these two areas, cable 
samples were submitted to a testing laboratory. The labora
tory reported the following test data: 

1. Ignition Data: 
Heat Flux (kW/m 2) 30 40 50 60 100 
Time to Ignition (s) 

PEIPVC 76 27 14 8 2 
XLPO/XLPO - 716 318 179 45 

2. Peak Chemical Heat Release Rate: During vertical fire 
propagation for 0.60-in-long cable sample in a highly 
radiating environment (oxygen mass fraction =0.40), 
the following data were measured: 
Cable Peak Chemical Heat Release Rate Per 

Unit Cable Circumference (kW/M 2) 
PEIPVC 100 
XLPO/XLPO 20 

The data were used to calculate the FPI values, which sug
gested that the area with PEIPVC cable trays needed fixed fire 
protection, whereas the area with XLPO/XLPO cable trays 
did not need fixed fire protection. Do you agree?



ji. )NAME: SFPE HANDBOOK PAGE: 12 SESS: I 18OUTPUT:Tue Mar 2807:30: 14 1995 
N)1fP/drive2/nf1f9408 -1/spfe/chaj)_...03 -04 

.3-64 DESIGN CALCULATIONS

SOLUTION: 

The TRP values from the linear regression analysis of 
the ignition data are: 131 and 535 kW-s 11/M 2 for Ithe PE/PVC 
and the XLPO/XLPO cable samples, respectively. The data 
for Q~ are given. Thus, from Equation 9, the FPI values for 
the PEfPVC and the XLPO/XLPO cable samples arc 29 and 4, 
respectively. The FPI values su~ggest that the PE/PVC cable is 
a Group 3 cable and is expected to have an accelerating fire 
propagation behavior, and the XLPO/XLPO is a Group I 
cable and fire propagation is expected to be either l imited to 
the ignition zone or decelerating. These calculations support 
that the cable spreading room area filled with the PI7JPVC 
cable trays would need fixed fire protection, whereas it 
would not be needed for the area filled with the XLPO/XLPO 
cable trays.  

Conveyor Belts: A conveyor belt standard is being devel
oped at FMRC following the FMRC standard for cable fire 
propagation Class No. 3972. 11 The Thermal Response Pa
ramneter and upward fire propagation tests arc performed, 
and Equation 9 is used to. calculate the Fire Propagation 
Index (FPI) as described above.  

Conveyor belts are classified as propagating or non
propagating. For an approximately 600-mm-long and 100
mrm-wide vertical conveyor belt, the data measured in the .Flammability Apparatus under highly flame-radiating con
ditions show that the non-propagating fire condition is sat
isfied for FPI :5 7.0 for the belts that show limited fire prop
agation in the large-scale fire propagation test gallery of the 
U.S. Bureau of Mines.)2 22 

Table 3-4.3 lists Fire Propagation Index values for se
lected conveyor belts taken from references 12 and 22.  

EXAMPLE 5: 

Conveyor belts are made of solid wov en or piles of 
elastomers, such as styrene-butadiene rubber (SBR). poly
chloroprene rubber (CR), polyvinvlchloride (PVC). rein
forced with fibers made of polymers, such as nylon. In 
large-scale fire propagation tests in a tunnel, fire on the 
surface of a CR-based conveyor belt was found to be non
propagating, whereas for a CRISBR-based conveyor belt 
fire was found to be propagating. Small-scale tests showed 
that the CR- and CRISBR-based -conveyor belts had the 
following fire properties, respectively: (1) Cl-F = 20 and 
15 kW/m 2 : (2) TRP = 760 and, 400 kW-s 1'2 /M 2; and 
(3) peak Qc'h = 114 and 73 kW/m under highly flame
radiating conditions (oxygen mass fraction = 0.40). Show 
that small-scale test results are consistent with the large
scale fire propagation behaviors of the two conveyor belts, 
using the criterion that, for non-propagating fire behavior, 
the Fire Propagation Index is equal to or less than 7.  

SOLUTION.  

Substituting the TRP and Q 1, values in Equation 9, the .FPI values for the CR- and CR/SBR-based conveyor belts are 
5 and 8, respectively. Thus, the CR-based conveyor belt is 
expected to have a non-propagating fire behavior, whereas 
,he CR/SB R-based conveyor belt is expected to have a prop
agating fire behavior. The small-scale test results, therefore, 
are consistent with the large-scale fire propagation behav
iors of the two conveyor belts.  
Composites and Fibergloss-Reinforced Materials: The use 
of composites and fiberglass-rein forced materials is i ncreas-

TABLE 3-4;3 'Fire Propagation Index for Cables, Com
posites, and Conveyor Belts, Determined 
in the Flammability Apparatus

Diameter/ Fire 
Thickness (mm) FPI Group Propagation*

Cables 
Polymethyl
Smethacrylate 

Power Cables 
PVC/PVC 
PE/PVC 
PVC/PE 
Silicone/PVC 
Silicone/XLPO 
EF/EP 
XLPE/XLPE 
XLPE/EVA 
XLPElNeoprene 
XLPO/XLPO 
XLPO, PVFIXLPO 
EP/CLP 
EPR FR/None

25 30 3 P

4-13 
11 
34 
16 
55 

10-25 
10-12 
12-22 

15 
16-25 
14-17 
4-19 
4C28

11-28 
16-23 

13 
17 

6-8 
6-8 
9-17 
8-9 
9 

8-9 
6-8.  
8-13 

9
Communications Cables 
PVC/PVC 4 36 3 P 
PE/PVC 4 28 3 P 
PXLPE/XLPO 22-23 6-9 1 WD0 
Si/XLPO 28 8 1 D 
EP-FR/none 28 12 2 P 
PECI/none 15 18 2 P 
ETFEEVA 10 8 1 D 
PVC/Pvr 5 7 1 N 
.FEA'FEP 8 4 1 N 
FEFEP 10 5 1 N

Composites 
Polyester- 1 /glass 

(30(70) 4.8 
Polyester-3/glass 

(30(70) 4.8 

.45 
Phenolic-PVB/ 

Kevlar- (16/84) 4.8 
Phenolic/Glass 

(20/80)3.  
Epoxy-i/Glass 

(35/65) .4.4 
Epoxy-2/Glass 

(35/65) 4.8 
Epoxy-3/Glass 

(35/65) 4.4 
Conveyor Beltst 
Styrene-butadiene rubber (SBR) 
Chioroprene rubber (CR) 
CR/SBR 
PVC.

13 P 

10 . 2 P 
8 1D 
7 1N 

8 1D 

3 1N 

9 1D 

11 2 P 

10 2 P

8-11 
5 
8 

4-10

;P1 plopegallcnl D' deceieratirg ProPagatian: N: no propagation.  
3 t 25 nwn V~cic.  

ing very rapidly because of low weight and high strength in 
applications such as aircraft, submarines, naval ships, mil
itary tanks, public transportation vehicles including auto
mobiles. space vehicles, tote boxes, pallets, chutes, etc. Fire 
propagation, however, is one of the major concerns for the
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composites and fiberglass -rei nforced materials; the Fire 
Propagation Index concept thus is used.'-'" For the deter
mination of the Fire Propagation Index for the composites 
and fi bergl ass -reinforced materials, thie Thermal Response 
Parametcr and upward fire propagation tests are performed 
and Equation 9 is used, as discussed previously for electrical 
cables and conveyor belts.  

The Fire Propagation Index concept used for the coin
posites and fiberglass -rei nforced materials is based on the 
knowledge gained during thie development of (lte FMRC 
standard for cable fire propagation Class No. 3972 14 and 
FMRC Studies on conveyor belts."--- - The non-propag-ating 
fire condition is satisfied in the Flammability Apparatus for 
FPI 5 7.0, for about 600-mmn-long and 1 00-mmn-wide vertical 
composites and fiberglass -rei nforced materials, under highly 
flame-radiating conditions (oxygen mnass fraction. = 0.40). very 
similar to the conveyor belts.  

Table 3-4.3 lists Fire Propagation Index valuies for se
lected composites taken froml references 4 and 10.  
Inter-ior Finish Wafl/Ceiling Moteriols: Since 1971. Factory 
Mutual Research Corporation has used the 25-ft corner test 
as a standard test. The 25 ft corner test is performed in a 
7.6-rn (25-ft)-high, 15.2-in (50-ft)-long and 11.6-mn 138-ft)
wide building corner configuration to evaluate the burn
ing characteristics of interior finish wall and ceiling 
materials. 2 1-2 r, The materials tested are typically panels 
with a metal skin over an insulation core material. Trhe ma
terials installed in the corner configuration are subjected to 
a growing exposure fire (peak heat release rate of about 3 
MWN) comprised of about 340 kg (750 Ib) of 1.2-rn (4-ft) x: 
1.2-rn (4-ft) wood (oak) pallets stacked 1.5 m (5 ft) highat the 
base of the corner. The material is considered to have failed 
the test if within 15 min either: (1) fire propagation on the 
wall or ceiling extends to the limits of the structure, or (2) 
flame extends outside the limits of the structure through the 
ceiling smoke layer.  

The fire environment within the 25-ft corner test struc
ture has been characterized through heat flux and tempera
ture measurements. 2 -25 it has been showvn that the fire 
propagation boundary (pyrolysis front) measured by visual 
damage is very close to the Critical Heat Flux (Cl-F) bound
ary for thie material, as shown in Figure 3-4.16, taken from 
reference 24. This, is in agreement with the general under
standing of the fire propagation process. Through small- and 
large-scale fire propagation tests for low-density, highly 
char-forming wall and ceiling insuilation materials, using 
the Flammability Apparatus [Figure 3-4.2(a)], Fire Products 
Collector (Figure 3-4.8). and 25-ft corner test (Figure 3-4.16).  
a semi-empirical relationship has been developed for fire 
propagation rate for a 1 5-mmn test in the 25-ft corner test23 -25 

-a TRP (10) 

where Xp is the average fire propagation length along the 
eaves (Figure 3-4.16) of the 25-ft corner test (pyrolysis front) 
measured visually (in). X, is the total available length 
[11.6-mn (38 ft)J in the 25-ft corner test, and 0;,. is the 
convective heat release rate (kW/M2 ).  

The right-hand side of Equation 10 with the convective 
heat release rate measured at 50 kW/M2 of external heat flux 
is defined as the convective flame spread parameter 
(FSPJ).2 4 .2 1 Figure 3-4.17 shows a correlation between the 
convective flame spread parameter obtained from the Flam
mability Apparatus and the normalized fire propagation

length in the l-MRC 25-ft corner test. Pass/fail regions. as 
determined from the 25-ft corner test, are indicated iin the 
figure. Materials for which FSPC !5 0.39 pass the 25-ft corner 
test, and materials fo 'r which FSP, 2: 0.47 are juidgedI to be 
unacceptablc (i e.. fail). 24-26 The region whierelthe FSPC values 
are greater than 0.39 butl less than 0.47 is uncertain. 24-26 

The correlation and pass/fail criterion shown in Figure 
3-4.17 have been adopted in the FMRC Class No. 48380 for 
insulated wvall oi wiall and ceiling panels. 26 In this standard, 
the 25-ft corner test has been replaced by the Flammability 
Apparatus lFigure 3-4.2(a)l tests. TIwo sets of tests are per
formed iii the alpparatu5S24 -26 

1. Thermal Response Parameter Test: Ignition tests- are 
performed using approximately 1 00-mm x 1 00-mmn- and 
uip to 100-mim-thick samples. Timies to ignition at various 
external heat flux values are measured to determine the 
Thiermal Response Parameter as described earlier.  2 . Convective Heat Release Rate Tlest: Combustion tests 
are performed using about 100-nun x 100-mmn and up to 
100-mmn-thick samples. Samples are burned in normal 
ai.r uinder an external heat flux~ exposure of 50 kWn 2.  
During the test, measurement is made for tile convective 
heat release as a function of timec.  

The data for the Thermal Response Parameter aied con
vective heat release rate at 50 kW/rni of external heat flux are 
used to calculate the flame spread parameter (FSPJ) that
accepts or rejects the sample.  

Flamling and Nonflanting Fitres 
During fire propagation, the surface of the material re

gresses in a transient fashion with a rate slower than the fire 
propagation mate.2 The surface regression becomes steady 
after fire propagates throughout the availablc surfaces. The 
surface regression continues until all the combustible com
ponents of the material are exhausted. During fire propaga
tion and Surface regression, the material generates vapors at 
a transient or steady rate. The generation rate of the material 
vapors is measured by the mass loss rate. In the presence of 
a flame and/or external heat flux, the mass loss rate, uinder 
steady state, is expressed as2-4-116 

where rh is the mass loss rate (g/m2 -s), 47, is the flame 
radiative heat flux transferred to the surface (kW/M2), q7, is 
the flame convective heat flux transferred to the surface 
(kW/M2). q;, is the surface re-radiation loss (k%%/m2), AH , is 
the heat of gasification (kl/g), and the total flame heat flux to 
the surface 41 = q~f. + qlc 

According to Equation 11, the generation rate of mate
rial vapors is governed by the external andnfame heat flux, 
surface re-radiation loss, and the heat of gasification.  
H eat of gasification: The heat of gasification for a melting 
material is expressed as27 

AH=, fc, dT + AHm + fT Cp.j dT + JH-1  (12) 

.where Al is the heat of gasification (kJ/g); c, and cp,,j are 
the speciff heats of the solid and molten solid in kJ/g-K 
respectively: tlHm and AH, are the heats of melting and
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Fig. 3.4.16. Crit ical Heat Flux boundary and visual observatIions for the extentI of fire propagatIion in t he FMRC 25-ft corner tecst 
for a product that posses the tests. 2 4

vaporization at the respective melting and vaporization tem
peratures in kj/g; and To. T,,,, and T, are the ambient tem
perature. melting temperature, and vaporization tempera
ture in K, respectively. For materials that do not melt, but 
Sublime, decompose, or char, Equation 12 is modified ac
cordingly. The heat of gasification can be determined from: 
(1) the parameters on the right-hand side of Equation 12.  
which can be quantified by the thermal analysis techniques 
or calculated from the properties listed in the literature; and 
(2) nonfiaming tests using apparatuses, such as the OSU, the 
Flammability Apparatus, or the Cone Calorimeter. The fol
lowing are some examples of the techniques: 

I . Heats of Gasification of Polymers from the Differential 
Scanning Calorimetry: The cp.. C1,j, AH, and AH, val
ues for polymers have been quantified in the FMRC 
laboratory. 2 T7 h techniques involve measurement of the 
specific heat as a function of temperature, such as shown 
in Figure 3-4.18 for polymethylmethacrylate. measured 
in our Flammability Laboratory. Thie specific heat in
creases with temperature; a value close to the vaporiza
tion temperature of PMMA is used in Equation 12. Fur
ther measurements are made of the heats of melting and

vaporization. Some examples of the data measured in our 
laboratory are listed in Table 3-4.  

2. Heat of Gasification from the Literature Data for the 
Heats of Gasification for Various Molecular Weight 
Hydrocarbons (Alkanes): The CRC Handbook of Chem
istry and Physics 28 listing for the heats of gasification for 
liquid and solid hydrocarbons (alkanes) satisfies the fol
low ing. relationship in the molecular weight range of 30 
to 250 g/mole 

tiHg - 3.72 X, 10 76M2 + 0.0042 M + 0.164 (13) 

where M is the molecular weight of the hydrocarbon 
(g/mole).  

The heats of gasification calculated from Equation 13 for 
various alkanes are listed in Table 3-4.4.  

3. Heat of Gasification from the Literature Data for the 
Specific Heats and Heats of Vaporization: Water will 
be used as an example. The specific heat of liquid water.  
c,,j = 0.0042 kj/g-K, 2 and the heat of vaporization of water 
at 373 K is 2.26 kJ/g.291 Assuming the ambient tempera
ture to be 298 K and the vaporization temperature to be
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1.0 ment with thc calculated value. These two vailiies for the 
:SpCO25heat of gasification of water are listed in Table 3-4.4.  ~O8~jS~cO~4. Heat of Gasificaitioni from the Nonflaming *l'ests Using 

0.8 The Flammability Apparatus: Thie measureicnt for the 08 heat of gasificat ion from the nonflarning fii-v tests in the Flaimabjljt%' Apparatus was introduce(] in1 1976.- 111 nonflamning fires, 7 0. and Equation II1wcIrwoms 
0.6 

^.- , 1 )Z 0l 
(14) 

X where mass loss ratc is a linear function of the external 0.4 heat fluix, and Ihe heat of gasification is the inverse of the 
slope of the straight line. This lprovidics a convenient 
method to deternmine the heat of gasification in the non0.2PASS flaming tests, where mass loss rate of the sample is mea0.2AIL sured at various external heat flux values, The heat of * gasification is determined from the linear regression anal
yiis of the average steady-state mass loss rate as a func0.0 

*tion of the external heat flux. In the Flammnability Appa0.0 0.2 0.4 0.6 0.8 1.10 raflis tests, approximately 100- x 100-mnm square and up FSPc to 100-nim-thick samples are used with co-flowing nitro
* .gen or air with an oxygen mass fraction of about 0.10.  Fig. 3-4.17. iNornllizcdfire propagation length measured in the Figure 3-4.19 showvs a plot of the vaporization rate of 25-ft corner test versus the convective flame spread parameter water in a 0.0072 im2 Pvrex'" glass dish against time at obtainedfrom t he Flammability Apparatus. (Figure istlakenfrom 50 kW, M2 of external heat flux, measured in the Flainmareferences 24 and 25.) bility Apparatus. The figure also includes the prcdicted I mass loss rate using Equation 14, where 

'1=u(T? - TU) (15) 

where E is the emissivity of water (0.95 to 0.963 in the 
-2.1temperature range 298 to 373 K),30 and a is the Stefan

Boltzmann constant (56.7 X 10-1 kW/M 2-deg 4). For wa.... .. .ter, T,. = 373 K and T,, = 298 K, and thus 4;r = I kW/m2 .  From Equation 14, using 4; = 50 kW/M2 , 4," = I kW/m 2.  1.8 and -H 2.57 kj/g, Mn = 19.0 g/m2-S. There is excellent W agreement between the measured and predicted values at _ the steady state in Figure 3-4.19. Water vaporization tests 
LL 1.5 

.2 

Predicted 

250 300 350 400 450 500 550 600 65070 E 
TEMPERATURE (K) 

S15 
Fig. 3-4.18. Specific heal of polymethylmethacrylate versus i 
temperature measured by a differential scanning calorimeter at 0 
the flammability laboratory of the Factory Mutual Research Car- 10 porat ion.  

0 
373 K, the heat of gasification of water from Equation 12 5 5 is calculated as follows 

cp. C1~dT = 0.0042(373 -298) = 0.32 kJ/g; 0 
0 200 400 600 800 1000 1200 AHY.3 73 = 2.26 kJfg; 

TIME (sec) AH5s = 0.32 + 2.26 =2.58 kj/g.  
01 Fig. 3-4.19. Vaporization rate of water versus time measured in From the differential scanining calorimietry, the heat of the Flammability Apparatus using 99.698g of water in a Pyrexgasification of water determined in the FMRC Flamma- dish with an area of 0.0072 in

2. Water was exposed to an bility Laboratory is 2.59 kj/g, which is in excellent agree- external heat flux of 50 kWlm2.
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TABLE 3-4.4 Surface Re-radiation and Heats of Gasification of Various Materials 

Heat of Gasification (kj!g) Surface Re-radiation 
Materials (kW/m2) Flam. App. Conet DSCt call 

Distilled water 0.63 2.58 -2.59 2.58
Hydrocarbons (Alkanes) 
Hexane 0.50 --- 0.50 Heptane 0.63 --- 0.55 Octane 0.98 -0.60 Nonane14.--- 

06 Decane 1 ,.8 -- 0.69 
Undecane 23---0739 
Dodecane 2.8 0.77 Tridecane 3. 0.85 Tetradecane 3.008 
Hexadexane 3.0 - 092 
Natural Materials 
Filter paper 10 3.6--
Corrugated paper 10 2.2--
Wood (Douglas fir) 10 1.8--
Plywood/FR 10 1.0 
Particleboard - 3.9-
Synthetic Materials 
Epoxy resin - 2.4 -Polypropylene 15 2.0 1.4 2.0 Polyethylene (PE) (low density) 15 1.8 - 1.9 PE (high density) 15 2.3 1.9 2.2 PE foams 12 1.4-1.7 -
PE125% chlorine (CI) 12 .2 1 - -PE/36% Cl 12 3.0 - -PE148% Cl 10 3.1 -~igid polyvinylchioride (PVC) 15 ,2.5 2.3 -VC/plasticizer 10 1.7 - -* lasticized PVC, LO_01 0.20 10 2.5 2.4 -
P~lasticized PVC, LOl 0.25 
Plasticized PVC. L1_01 0.30 -2.1 -Plasticized PVC, LOI 0.35 -2.4 -Rigid PVC, L_01 = 0.50 

-2.3 -Polyisoprene 10 2.0 - -
PVC panel 17 3.1--Nylon 6/6 15 2.4 - -Polyoxymethylene (Delrin'-) 13 2.4 - 2.4Polymethytmethacryiate (Plexiglas'") 11 1 .6 1.4 1.6Potycarbonate 11 2. 1 
Polycarbonate panel 16 2.3 - -Isophthalic polyester -- 3.4 -
Polyvinyl ester -- 1.7 -Acrytonitrile-butad iene- styrene (ABS) 10 3.2 2.6 Styrene-butadiene 10 2.7 --Polystyrene (PS) foams 10-13 1.3-1.9 - -PS (granular) 13 1.7 2.2 1.8
Polyurethane (PU) foarns 
Flexible polyurethane (PU) foams 16-19 1.2-2.7 2.4 1.4Rigid polyurethane (PU) foams 14-22 1.2-5.3 5.6 -Polyisocyanurate foams 14-37 1.2-6.4 --Phenolic foam 20 1.6--Phenolic foam/IFR 20 .3.7- 
Ethylenetetrafiuoroethylene (Tefzel') 27 0.9--Fluorinated ethylene propylene, FEIP (Teflon-") 38 2.4--Tetrafluoroethylene, TFE (Teflon-") 48 0.8-1.8--Perioroalkoxy, PFA (Teflon") 37 1.0 --

Composite and Fiberglass-Reinforced Materials 
Polyether ether ketone-30% fiberglass - 7.9-Polyelhersulfone- 30% fiberglass 1.8 --Polyester 1 -fiberglass -- 2.5-Polyester 2-fiberglass 10 1.4 --
* tlyser 3-fiberglass 10 6.4 

Eetr4 -fiberglass 15 5.1 
Alyester 5-fiberglass 10 2.9 

Phenolic fiberglass (thick shoet) 20 7.3 
Phenolic Kevlar'" (thick sheet) 15 .7.8 -

*From the Flarnabilify Apparatus under rionflaming fire conditionts.  
tCakuated from the Cane Calorlmeter data reported In references 20 and 31 for fte mass loss rate at varkom external heal fliux values in flanring fires.  .$From the flammability laboratory using the differential scanning cabrrietiy.  

.1Cabjclted from the data reported in the CRC Handbook.28
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and calculations are routinely used for the calibration of the 
Flammability Apparatus.  

Heats of gasification determined from the mass loss rate 
as a function of external heat flux in nonflaning fire condi
tions in the Flammability Apparatus are listed in Table 3-4.4 
for selected materials. Excellent agreement can be noted 
between the heats of gasificat ion determined from the Flamn
inability Apparatus and those obtainied fromi the difterential 
scanning calorimetry.  

Heat of gasification can also be determined from the flam
ing fires if high external heat flux values are used such that 4c' 

4' + qf - q- in Equation 11. This method has been used 
to calculate the heat Of gasification from [he Cone Calorimeter 
data for the mass loss rate in flaming fires reported in the, 
literature. 203'1 The values calculated from the Cone Calorime
ter data are also listed in Table 3-4.4 and show a general agree
ment with the values from the Flammability Apparatus.  

EXAMPLE 6: 

Estimate the ignition temperature of a material with a 
Critical Heat Flux of 11 kW/m2 . Assume its surface emissiv
ity to be unity, ambient temperature to be 200C, and vapor
ization temperature to be approximately equal to the ignition 
temperature.  

SOLUTION: 

From Equation 15, 

11 (kW/M 2) =56.7 X 10- 2 (kW/ 2-deg4)(T 4 )(deg )4 

-56.7 X j00' 2 (kW/m2 -de8 4 ) x (298) 4(deg)l 

T11 [1 X101
2 + (298)4]1/ 

(1940 x 108 + 78.9 x 1 0 8)1/4 670 K 

By assumption, vapori zation temperature is equal to the 
ignition temperature, which is 670 K (397*C).  

EXAMPLE 7: 

A material with a surface re-radiation loss of 10 kW/m 2 

and heat of gasification of 1.8 kj/g was found to be involved 
in a fire with an exposed area of 2 mn

2 . The combinednfame 
and external heat flux exposure to the material was esti
mated to be 70 kW/m2. Estimate the peak mass loss rate at 
which the material may have been burning in the fire in 
terms of g/m2-s and gls.  

SOLUTION: 

From Equation 11, 

-h 70-10 3 ~m

The estimated peak mass loss rate that the mater ial may have 
been burning in the fire is 33 g/m 2-s, or 33 X 2 =67 g/s.  
Flame heat flux: For flaming fires, in the absence of exter
nal heat flux, from Equation 11 

fc.- (16) 

The results from numerous small- and large-scale fire tests 
show that, as the surface area of the material increases, the

3-69

Fig. 3-4.20. Flame radioative and convective heat fluxes at var
ious oxygen mass fractions far the stcady-state conmbust ion of 
100- x 100-mn, square x 25-mm-thick slabs of polypropylcnc in 
the Flammability Apparatus under co-airflow velocity of 0.09 
rn/s. Data taken from reference 33. Mass fractions of oxygen are 
indicated by the numbers inside the frames.  

flame radiative heat flux increases and reaches an asymp
totic limit, whereas the flame convective heat flux decreases 
and becomes much smaller than the flame radiative heat flux 
at the asymptotic limit in large-scale fires."2 It is also known 
that, in small-scale fires of fixed size, with buoyant turbulent 
diffusion flames, as the oxygen mass fraction is increased, 
the flame radiative heat flux increases and reaches an asymp
totic limit, comparable to the asymptotic limit in large-scale 
fires, whereas the flame convective heat flux decreases and 
becomes much smaller than the flame radiative heat flux.331 

The effect of the mass fraction of oxygen on the flame 
radiative and convective heat fluxes in small-scale fires is 
shown in Figure 3-4.20 for 100- X 100-mm square x 25-mm
thick slabs of polypropylene. The data were measured in the 
Flammability Apparatus. 33 The increase in the flame radiative 
heat flux with increase in the mass fraction of oxygen is due to 
the increase in the flame temperature and soot formation and 
decrease in the residence time in the flame.:" The oxygen 
mass fraction variation technique to simulate large-scale 
flame-radiative heat flux conditions in small-scale fires is 
defined as the Flame Radiation Scoling TechniqUe. 4 

In the flame radiation scaling technique, the flame ra
diative and convective heat fluxes are determined from: 33 

(1) the measurements for the mass loss rate at various oxygen 
mass fractions in the range of 0.12 (close to flame extinction) 
to about 0.60. under co-airflow conditions: (2) the convec
tive heat transfer coefficient for the Flammability Apparatus.  
derived from the combustion of methanol; (3) the mass 
transfer number; and (4) Equation 16. In the Flammuability 
Apparatus, the asymptotic limit is reached for the oxygen mass 
fraction a 0.30. At the asymptotic limit, Equation 16 can be 
expressed as 

1h;,y all 8(17) 

where subscript osy represents the asymptotic limit. the 
asymptotic values for the mass loss rate and flame heat flux 
determined from the nlame Radiation Scaling Technique in
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TABLE 3-4.5 Asymptotic Values of Mass Loss Rate and Flame Heat Flux* 

M' (g/M2-s) q7 (kW/M2) 
Material S. Lt  S.L 

Aliphatic Carbon-Hydrogen Atoms'S
Polyethylene 
Polypropylene 
Heavy fuel oil (2.6-23 m) 
Kerosene (30-80 m) 
Crude oil (6.5-31 m) 
n-Dodecane (0.94 m) 
Gasoline (1 .5-223 m) 
JP-4 (1.0-5.3 m) 
JP-5 (0.60-17 m) 
n-Heptane (1.2-10 m) 
n-Hexane (0.75- 10 m) 
Transformer fluids (2.37 m) 

Aromatic Carbon-Hydrogen Atoms' 
Polystyrene (0.93 m) 
Xylene (1.22 m) 
Benzene (0.75-6.0 m) 

Aliphatic Carbon-Hydra gen-Orygen Atoms$ 
Polyoxymethylene 
Polymethylmethacrylale (2.37 m) 

*Methanol (1.2-2.4 m) 
\cetone (1.52 m) 

Aliphatic Carbon-Hydrogen-Oxygen-Nitrogen Atoms 
Flexible polyurethane foams 
Rigid polyurethane foams 

Aliphatic Carbon-Hydrogen-Halogen Atoms 
Polvinylchloride 
Tefzel'" (ETFE) 
Wefon- (FEP)

26 
24 

-66 

27-30

36 
65 
56 
36 
62 
67 
55 
75 
77 

25-29

21-27 
22-25

61 
67 

32 

23-25

64-76 
49-53

*S -Sm-all-scale fires, pool diameter fixed at 0.10 mn. flame radiation scaling technique was used in the Flammability Apparatus Yo k 0.30.  It. Large-scale fires in normal air.  
£Numbers in mn in parentheses are the pool diameters used in large-scale tires 

Note: Mass loss rates are from the data reported in the lierature.

the Flammability Apparatus are listed in Table 3-4.5. Trhe 
mneasured asymptotic valutes of the mass loss ratc reported in 
the literature and flame heat flux in large-scale fires are also 
listed in Table 3-4.5. Flame heat flux values for thc large
scale fires are derived from the asymptotic values of the mass 
loss rate and known values of surface re-radiation losses and 
heats of gasification.  

The data in Table 3-4.5 show that the asymptotic flame 
heat flux values, determined in tile Flammability Apparatus, 
using the Flame Radiation Scaling Technique, are in good 
agreement with the values measured in the large-scale 
fires. The asymptotic flame heat flux values vary from 22 to 
77 kW/m2, dependent primarily on the mode of decomposi

,tion and gasification rather than on the chemical structures 
*of the materials. For example. for the liquids, which vaporize 

rimarily as monomers or as very low molecular weight 
ligomer. the asymptotic flame heat flux values are in the 

range of 22 to 44 kW/M2. irrespective of their chemical 
structures. For polymers, which vaporize as high molecular 
weight oligomer, the asymptotic flame heat flux values in
crease substantially to the range of 49 to 71 kW/m 2, irrespec
tive of their chemical structures. Tile independence of the

asymiptotic flatne heat valuies from t he chemical structutres of 
materials is consistent with the dependence of flame radia
tioll on optical thickness, soot concentration, and flame teni
pet-ature in large-scale ires.  

EXAMPLE 8: 

Calculate the peak mass loss rate for polypropylene in 
large-scale fires, burning in the open. with no external heat 
sources in the surroundings.  

SOLUTION: 

In the calculation Equation 16 will be used. From Table 
3-4.4. 4,r = 15 kW/M 2 and Al-I = 2.0 kj/g and from Table 
3-4.5,41.w 67 kW/M 2 . Using these values in Equation 16 

M. 67-15 =_60gm
ii- 2.0 -2. ln

EXAMPLE 9: 
Calculate the peak mass loss rate for polypropylene in 

large-scale fires, burning in the open, in the presence of a

29 
29 
44 
30 
30 
40 
39 
37 
37 

22-25
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burning object. which provides 20 kkWin - of heat flux to thle 
polyprop~ylene surface, in addition to its owvn flame heat flux 
of 67 kW/iii 2.  

SOLU7iON: 

in the calculation Equation I1 I will be used with '." ' 
20 kW/in-. From Table 3-4.4, el,, = 15 kkW/i 2 aiid 

A = 2.0 kj/g and from Table 3-4.5. 47.=67 kW/mn 
Using these values in Equation I1I 

-67 +20 -15 = 36.0 tc/m2 .s 
.2.0 

Heat Release Rate 
Thle determination of heat release rate in fires has been 

influenced by the principles and techniques used for the 
controlled combustion in the heating and power industries.  
Heat in the flowing combustion products (convective heat) 
and thermal radiation are used to generate steam, heat a 
furnace or space, produce mechanical power in intemrnal 
comb11ustion en0ineCs or gas LtrbineCs. etc Heat is generatedl by 
injecting fuel (gas. liquid, or solid) into a hot environment.  
where it undergoes evaporation. gasiication, and thermial 
decomposition or pyrolysis. Fuel vapors react chemically 
with oxygen and produce heat and products. such as carbon 
monoxidie (GO), carbon dioxide (CO,). hydrocarbons, water 
(H2 0), and soot. Theoretical air requirement for complete 
combustion is estimated from anl enmpirical guide, which 
suggests that, for every 10.6 kJ of heat in the fuel burned, 
3.4 g of air are required for complete comibustion. 4 Equliv
alently, the heat of combustion per unit mass of oxygen 
consumed (AHO*) is 13.4 kJ/g. Using ?SHI' 13.4 kl/g to 
determine the heat release rate in fires from the mass con
sumption rate of oxygen is discussed in references 16 and 
35. This technique is defined as the Oxygen Constimption 
(OCI Calorimetry.  

A combustion process is characterized by its combus
tion efficiency, defined as the fraction of heat of complete 
combustion released in the chemical reactions, which is the 
ratio of the chemical heat release rate to the heat release rate 
for complete combustion or the ratio of the chemical heat of 
combustion to net heat of complete combustion. The calo
rific energy generated in chemical reactions leading to coim
plete combustion per unit mass of fuel, water produced 
being in the vapor state, is defined as thle nel heat of complete 
combustion. The calorific energy generated in chenmical r-e
actions leading to varying degrees of incomplete combustion 
per unit mass of the fuel consumed is defined as the chem
ical heat of combustion. In the heating and power industries.  
combustion efficiency is determined routinely from thle, 
waste products (flue gas) analysis, especially fo~r GO. C02.  
and 0,, and from the measurements of temperature in the 
combustion products-air mixture and thermal radiation. For

higher combtiotion c'fficicncv. muIss Awor4-tir rclIio relative.  
to the sloicliionivtric moss Joel-to-airiotio or the eqit-olLnci' 

ratio is conltrolledl bw maintaining dlesired primary and sec
ondary airflow.  

TChe nct heat of completc conimistion is mc'.isiired in the 
oxygen bomb calorimeter and is calculated frumn the stan
dard heats of formation of the mnaterial. CO-, aind H7 0O, thle 
standard licit[ of formiation of 0., in its standam d stateC bci i" 
zero. For exaimple. for polymethvhincthacrylatc I PMMA) and 
polystyrene (P'S), the net heats of complete'COMbuIstion inca
sured in the( uoxygen bomb calorimeter by the FMRC Flimn.  
inability Laboratory are 25.3 and 39.2 kJ/g. respectively; and 
from the standard heats of formation, they are 2-4.9 and 39.8 
kJ/g, respectiv~cly.1?or soot generated from the combustion of 
PMMA and I'S, the net heats of complete combustion miea
sured in the oxygen bomb calorimeter by the FMNRC Flam
mability Laboratory are 33.9 and 32.1 kl/g. respectively, and 
32.8' ku8 from thie standard heats of formation of graphite 
amd CO,.  

In fires. complete combuIstionl is rarely achieved anld 
prodlucts of incomplete combustion, suich as C0and smoke.  
are quite common. An example of incomplete combustion is 
given in Table 3-4.6, where chemical heat of combustion 
and combustion efficiency decrease as CO, carbon, and ethy
lene are formed at the expense of CO, and H20 w ith reduced 
02 consumption. a typical condition found in the ventilation
controlled fires. ' The chemical heat of combustion is the 
ratio of the chemical heat release rate to the mass loss rate.  
The upper limit of the combustion efficiency is 1.00, corre
sponding to complete combustion, and the lower limit is 
0.463, corresponding to unstable combustion leading to flame 
extinction for combustion efficiency !504. 63 

Chemical heat release rate: The chemical heat release rate 
is determined from the Carbon Dioxide Generation (GDG) 
and Ox'vgen Consumption (OC) Colorimnetrics.  

The CDG Calorimetry: 2 -
4

,1.33.36 The chemical heat release 
rate is determined from the following relationships 

AH= ) + AH .0G60  (18) 

AHE) (19) 

=H AHT- AHCO*CO . (20) 
"'Co 

where 0,'j is the chemical heat release rate (k"';m'). !sH1-o, 
is te nt het o coPlete combustion per unit mass of C0 2 

generated (kJ/g). AHM~ is the net heat of complete combus
tion per unit mass of CO generated (kJ/g). AHT is the net heat 
of complete combustion per unit mass of fuel consumed 
(kj/g), *((. is the stoichiometric yield for the maximum 
conversion of fuel to C02(glg), *PCOr is the stoichiometric 
yield for the maximum conversion of fuel to CO (g~g), Q(.

TABLE 3-4.6 Chemical Heat of Combustion and Combustion Efficiency at Polymethylmethacrylate 

Reaction Stoichiometry AH~ (kJig)* c 

C5H00 2 (g) + 6.0 02 (g) = 5C0 2 (g) + 4H20 (g) 24.9 1.00 
CsH00 2 (g) + 5.5 02 (g) - 4100 2 (g) + 41- 20 (g) + CO (g) 22.1 0.89 
CsH 802 (g) + 4.5 02 (g) - 3C0 2 (g) + 4- 20 (g) + CO (g) + C (s) 18.2 0.73 
CSH 802 (g) + 3.0 02 (g) = 2C~fi (g) + 3H20 (g) + CO (g) + C (s) + 0.50 C2H4 (9) 11.5 0.46 

*Standard heat of fomlnaton in klloie: PMMAfC~tigW, (g) - -442.7:02(g) - 0; C02 (g) -393.5; 1120(g) -- 241.8;0O (g) - -11 0.5; 
C (s) = 0Oand C2 K4 .(g) - + 26.2 where gis the gas andis the sod.
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. 3-72 DESIGN CALCU.LATIIONS 

TABLE 34.7 Net Heats of Complete Combustion per Unit Mass of Fuel and Oxygen Consumed and Carbon Dioxide 
and Carbon Monoxide Generated for Carbon- and Hydrogen-Containing Fuels* 

AHr 1iH; A~H 02 AH; 0  AHr AH iHto, .AHa0 
Fuel Formula (kJ/g) (kJ/g) (kJ/g) (kJ/g) Fuel Formula (kJ/g) (kJ/g) (kJ/g) (kJ/g) 

Normal Alkanes 0 Normal Alkenes (Continued)
Methane 
Ethane 
Propane 
Butane 
Pentane 
Hexane 
Heptane 
Octane 
Nonane 
Decane 
Undlecane 
Dodlecane 
Tridecane 
Kerosene 
Hexadecane

Methylbutane . Dimethylbutane 
Methylpentane 
Dimethylpentane 
Methylhexane 
Isooctane 
Methylethylpentane 
Ethythexane 
Dimethythexane 
Methytheptane 

Cyciopentane 
Methylcyclopentane 
Cyciohexane 
Methylcyclohexane 
Ethylcyclohexane 
Dimethylcyclohexane 
Cyclooctane 
Decain 
Bicyclohexyl 

Ethylene 
Propylene 
Butylene 
Pentene 
Hexene

OH4 
C21-6 
C31-8 
C41-11o 
C51-12 

C6 H16 

CII1H24 
C121-12 
C13 -12 
C141-30

50.1 12.5 (18.2) (18.6) 
47.1 12.7 162 15.4 
46.0 12.9 15.3 14.0 
45.4 12.7 15.1 13.7 
45.0 12.6 14.7 13.2 
44.8 12.7 14.6 12.9 
44.6 12.7 14.5 12.8 
44.5 12.6 14.4 12.7 
44.3 12.7 14.3 12.5 
44.4 12.7 14.3 124 
44.3 12.7 14.3 12.4 
44.2 12.7 14.2 12.3 
44.2 12.7 14.2 12.3 
44.1 12.7 14.1 12.2 
44.1 12 7 14.2 12.3 

Average 12.7 14.6 12.9

Substituted Alkanes.  
C51-12  45.0 12.6 14.7 13.1 
C-61-114 44.8 12.7 14.6 13.0 
C61-14  44.8 12.7 14.6 12.9 
C7 11 44.6 12.7 14.5 12.9 
C71-16  44.6 12.6 14.4 12.7 
Cal-ia 44.5 12.6 14.4 12.7 
C81-11 44.5 12.6 14A4 12.7 
C81-18  44.5 12.6 14.4 12.7 
C81- 18  44.5 12.7 14.5 -12.8 
Ca1-11 44.5 12.6 14.4 12.7 

Average 12.6 14.6 12.8 

Cyclic Alkanes 
C51-10  44.3 12.8 13.9 11.9 
C61-12  43.8 12.7 13.9 11.9 
COH 12  43.8 12.7 13.8 11.7 
CIH14  43.4 12.7 13.8 11.7 
CalH11 43.2 12.7 13.8 11.7 
C81-16  43.2 12.7 13.8 11.7 
Cg1 16  43.2 12.7 13.9 11.9 
C101,1s 42.8 12.7 13.4 11.0 
C 12 2 42.6 12.6 13.3 11.0 

Average 12.7 13.8 11.6 

Normal Alkenes 
C2H4  48.0 13.8 15.0 13.6 
C3H. 46.4 13.4 14.6 12.9 
C4H8  45.6 14.3 14.3 12.5 
OsHie 45.2 14.3 14.3 12.5 
CqH 12 44.9 12.9 14.1 12.2

Heplene 
Octene 
Nonene 
Decene 
Dodecene 
Tridecene 
Tetradecene 
Hexadecene 
Octadecene

C7 1-14  44.6 12.9 14.1 12.2 
CaH16 44.5 12.9 141 12.1 
C9 H,8  44.3 12.9 14 1 12.1 
ClOH20 44.2 12.9 14.1 1.2.2 
C121-24  44.1 12.9 14.1 12.2 
C I3H26 44.0 12.9 14.1 12.2 
C14 1-28 - 44.0 12.9 14.1 12.2 
C 161-132 43.9 12.9 14.1 12.1 
C181-13 43.8 12.9 14.1 12.1 

Average 13.2 14.2 12.4

. Cyclic Alkenes 
Cyciohexene C61-10 43.0 
Methyicyclohexene C7H-12 43.1

1-3 Butadiene 
Cyc loocladiene 

Acetylene 
Heptyne 
Octyne 
Decyne 
Dodecyne 

Benzene 
Toluene 
Styrene 
Ethylbenzene 
Xylene 
Propylbenzene 
Trimethylbenzene 
Cumene 
Naphthalene 
Tetralin 
Butyfbenzene 
Diethylbenzene 
p-Cymene 
Methylnaphthalene 
Pentylbenzene 
Triethylbenzene

13.0 13.4 11.0 
12.9 13.4 11.1

Average 13.0 13.4 11.1 

Dientes 
C4H6  44.6 13.7 13.7 11.5 
C81-12  43.2 13.3 13.3 10.9 

Average 13.5 13.5 11.2 

Normal Alkynes 
C2 1-2  47.8 (15.6) 14.3 12.4 
C71-12  44.8 13.4 13.9 11.8 
C8 1-14  44.7 13.3 14.0 11.9 
C101-18  44.5 13.2 13.9 11.9 
C121-12 44.3 13.2 14.0 12.0 

Average 13.3 14.0 12.0

Ar
C6H, 
C7H8 

C9 11 
C-,H1 2 

C10H14 

C10 11 

C1 2HIS

enes 
40.1 13.0 11.9 8.7 
39.7 12.9 12.1 9.0 
39.4 13.1 12.0 8.8 
39.4 .12.9 12.3 9.4 
39.4 13.0 12.4 9.5 
39.4 12.9 12.5 9.6 
39.2 12.9 12.5 9.7 
39.2 12.9 12.9 9.6 
39.0 12.9 11.3 7.7 
39.0 12.9 12.2 9.2 
39.0 12.9 12.7 9.9 
39.0 13.7 13.5 11.1 
39.0 13.0 12.5 9.6 
38.9 12.9 11.5 8.1 
38.8 13.0 12.8 10.2 
38.7 12.7 12.7 10.0 

Average 13.0 12.4 9.4

-Data fram references 38 and 39. Numlbers in parentheses nol used far a~ven.. is the generation rate Of C0 2 (gIM2 -s), and ( E is t he generation rate of CO (g/M2-s).  
The values for the net heats of complete combustion per 

unit mass of fuel consumed and CO 2 and CO generated are 
listed in Tables 3-4.7 through 3-4.10. TAe values depend on 
the chemical structures of the materiels. With some excep
lions, the values remain approximately constant within 
each generic group of fuels. The average values are also,

listed in the tables. From the average va lues. AH~o = 
13.3 kJ/g ± I Ipercent. and 6Hw = 11.1 kj/g ± 18 percent.  
In the GDG calorimetry, the CO correction for well
ventilated fires is very small, because of the small amounts of 
CO generated. The variations'of 11 and 18 percent in the 

LX~ an LHJ values, respectively, would reduce signifi
cantly if values for low molecular weight hydrocarbons with 
sinall amounts of 0, N, and halogen were used in averaging.
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TABLE 3-4.8 Net Heats of Complete Combustion per Unit Mass of Fuel and Oxygen Consumed and Carbon Dioxide 
and Carbon Monoxide Generated for Carbon-, Hydrogen-, and Oxygen-Containing Fuels* 

AHT AH £lHao, AH~0  AH7  AH;, !iH~02 &Ff~ 
Fuel Formula (kJ/g) .(kJ/g) (kJ/g) (kJ/g) Fuel Formula (kJ/g) (kJ/g) (kJ/g) (kJ/g) 

Alcohols Acids
Methyl alcohol 0H4 0 
Ethyl alcohol C21-60 
n-Propyl alcohol C3H80 
Isopropyt alcohol C31-80 
Allyl alcohol C31-60 
n-Butyl alcohol C4H100 
Isobutyl alcohol CiH 10O 
Sec-bulyl alcohol C4H100 
Ter-butyl alcohol C4H, 00 
n-Amyl alcohol C51-120 
Isobutyl carbinol C51-120 
Sec-butyl carbinol C51-120 
Methytpropylcarbinol C51-1120 
Dimethytethylcarbinol C51-120 
n-Hexyl Alcohol C61-140 
Dimethylbutylalcohol C6H,40
Ethylbulyl alcohol 
Cyclohexanol 
Benzyl alcohol 
n-Heptyl alcohol 
n-Octyl alcohol 
n-Nonyl alcohol 

Formaldehyde 
Acetaldehyde 
Butyraldehyde 
Crotonaldehyde 
Benzaldehyde 
Ethyl hexaldehyde 

Acetone 
Methylethyl ketone 
Diethyl ketone 
Cyclohexanone 
Methyl butyl ketone 
Di-acetone alcohol 
Dipropyl ketone 
Phenylbutyl ketone

C6H140O 
C6H120 
C71-80 
C71-160 
COH, 80 
C9H-10

20.0 
27.7 
31.8 
31.8 
31.4 
34.4 
34.4 
34.4 
34.4 
36.2 
36.2 
36.2 
36.2 
36.2 
37.4 
37.4 
37.4 
37.3 
32.4 
39.8 
40.6 
40.3 

Average

13.4 14.5 12.9 
13.2 14.5 12.7 
13.3 14.5 12.7 
13.3 14.5 12.7 
14.2 13.8 .11.7 

13.3 14.5 1 2.8 
13.3 14.5 12.8 
13.3 14.5 12.8 
13.3 14.5 12.8 
13.3 14.5 12.8 
13.3 14.5 1 2.8 
13.3 14.5 12.8 
13.3 14.5 12.8 
13.3 14.5 12.8 
13.3 14.5 1 2.7 
13.3 14.5 12.7 
13.3 14.5 1 2.7 
13.7 14.1 12.2 
13.0 11.4 8.0 
13.7 15.0 13.6 
13.7 15.0 13.6 
13.4 14.7 13.0 

13.3 14.5 12.8
Aldehydes 

CH20 18.7 (17.5) 12.7 10.1 
C2H40 25.1 13.8 12.6 9.7 
C41-10 33.8 13.9 13.9 11.7 
C41-60 34.8 15.2 13.8 11.8 
C71-60 -32.4 13.4 11.2 7.5 
C81-160 39.4 13.7 12.7 9.9 

Average 14.2 13.3 10.6 
Ketones 

CalleO 29.7 13.4 13.1 10.5 
C41-90 32.7 13.4 13.4 11.0 
C5 -100 33.7 12.9 13.2 10.7 
C6 -100 35.9 13.8 13.3 11.0 
COH-120 35.2 12.9 13.3 11.0 
CeH 1202  37.3 (16.9) (16.4) (15.7) 
C71- 140 38.6 13.8 14.3 12.5 
Cjj1-j 40 34.8 12.6 11.6 (8.4) 

Average 13.2 13.2 11.1

Formic acid 
Acetic acid 
Benzoic acid 
Cresylic acid

01H202 
C2H402  1~ 
C7HH602  2 
CaH 802  34 

IEsters
Ethyl formate C3H-602 
n-Propyl formate -C 4H802 
n-Butyl formate CSH 1002 
Methyl acetate C3H602 
Ethyl acetate C4H802 
n-Pr~pyl acetate CSH 1002 
n.jutyl acetate C6H1202 
Isobutyl acetate C61-1202 
Amyl acetate C71-1402 
Cyclohexyl acetate CBH 1402 
Octyl acetate ClOH 2002 
Ethylaceloacetate C61-1003 
Methyl propionate C41-802 
Ethyl propionate C51-1002 
n-Butyl propionale C71-1402 
Isobutyl propionate C7Hi402
Amyl propionate 
Methyl butyrate 
Ethyl butyrate 
Propyll butyrate 
n-Butyl butyrate 
Isobutyl butyrale 
Ethyl laurate 
Ethyl lactate 
Butyl lactate 
Amyl lactate 
Ethyl benzoate 
Ethyl carbonate 
Ethyl oxalate 
Ethyl malonate

Camphor 
Cresol 
Resorcinol 
Acrolein

CelH1802 
C51-1002 
C6HI202 
CAH1 02 
C81-1602 
CeH1602 
C141-120 
CSH1003 
C71-1403 
CoHI 603 
C91- 1002 
C51-1003 
C41-604 
C5HS04

20.2 
23.9 
26.6 
20.2 
23.9 
26.6 
28.7 
28.7 
30.3 
31.5 
33.6 
30.3 
23.9 
26.6 
30.3 
30.3 
31.6 
26.6 
28.7 
30.3 
31.6 
31.6 
37.2 
30.8 
33.3 
34.3 
34.5 
30.8 
28.7' 
32.2

16.4 5.96 0 
13.7 9.95 5.65 
12.4 9.66 5.18 

(16.0) 13.1 10.6 

13.3 11.3 7.8 
13.2 12.0 8.8 
13.0 12.3 9.4 
13.3 11.3 7.8 
13.2 120 8.8 
13.0 12.3 9.4 
13.0 12.6 9.8 
13.0 12.6 9.8 
13.0 12.8 10.1 
13.3 12.7 10.0 
12.9 13.1 106 

(17.6) (14.9) (13.5) 
13.2 12.0 7.4 
13.0 12.2 9.4 
13.0 12.8 10.1 
13.0 12.8 10.1 
12.9 12.9 10.3 
13.0 12.3 9.4 
13.0 12.6 9.8 
13.0 12.8 10.1 
12.9 12.9 10.3 
12.9 12.9 10.3 
13.3 13.8 11.6 

(18.9) (16.5) (16.0) 
(16.8) (15.8) (14.8) 
'(16.4) (15.6) (14.5) 
(15.4) 13.1 10.5 
(18.9) (16.5) (16.0) 
(20.2) (16.6) (20.2) 
(17.9) (19.3) (20.4)

Average 13.0 12.5 9.7 
Others 

C101,1160 38.8 13.7 13.4 11.1 
C71-10 34.6 13.7 12.1 9.1 
C6H602  26.0 13.7 10.8 5.9 
C3 1-40 29.1 14.6 12.3 .9.4

*Data frorn references 38 and 39. Numbers in Parenteses not used foe averaging.

For the determination of the chemical heat release rate.  
generation rates of CO2 and CO are measured and either the 
actual values or the average values of the net heat of coin
plete comibustion per unit mass of CO, and CO generated are 
used. The measurements for the generation rates of CO 2 and 
CO are described in the subsection entitled "Generation 
Rates of Chemical Compounds and Fire Ventilation." 
The OC Calorimtry:- 4 ,1-e,,33.3.:l 6 The chemical heat r-e
lease rate is determined from the following relationship 

= AH~C~,(21)

* =(22) 
H0  To( 

where &H6 is the net heat of complete combustion per unit 
mass of oxygen consumed (kj/g), Cb, is the mass consump
tion rate of oxygen (gm 2-s). and 14,1( is the stoichiometric 
mass-oxygen-to-fuel ratio (g/g).  

The values for the net heats of complete combustion per 
unit mass of oxygen consumed are listed in Tables 3-4.7 
through 3-4.10 along with the values for the net heats of 
complete combustion per unit mass of fuel consumed and 
C02 and CO generated. The average values of the net heat of
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TABLE 3-4.9 Net Heats of Complete Combustion per 
Unit Mass of Fuel and Oxygen Consumed 
and Carbon Dioxide and Carbon Monox
ide Generated for Carbon-, Hydrogen., 
Nit rogen-, and Sulfur-Containing Fuels* 

AHT AH;, AH~02  A~H~0 Fuel Formula (kJ/g) (kJ/g) (kJ/g) (kJ/g) 

C-H-N Fuels 
Acrylonitrile CAHN 24.5 8.5 9.8 5.4 
Diethylamine 04H,1N 38.0 11.2 15.8 14 8 
n-Butylamine CAI1 N 38.0 11.2 15.8 14.8 
sec-Butylamine 04H,,N 38.0 11.2 15.8 14.8 
Pyridine C5H9N 32.2 11.0 11.6 8.2 
Aniline C6H7N 33.8 11.2 11.9 8.7 
Picoline C6H7N 33.8 11.2 11.9 8.7 
Triethylamine C6H15N 39.6 11.6 15.2 138 
Toluidine C 7H 9 N 34.9 11.3 12.1 9.1 
Dimethylaniline C8H, 1N 35.7 11.5 123 9.3 
Di-n-butylamine C8H19N 40.6 11.9 14 9 13.4 
Quinoline 05 H7N 36.1 12.4 1.1.8 8.5 
Cuinaldine C, 1 -H9N 36.7 12.4 11 9 8.7 
Butylaniline ClOH 15N 370 11.7 125 9.7 
Tri-n-butylamine C12H27N 41.6 12.1 146 12.9 

Average 11.5 15.4 14i 1 

C-H-S Fuels W Carb~on disulfide CS2  13.6 10.8 (23-5) (27 0) 
rhiophene C4H4S 31.9 14.0 15.2 14.0 
Methytthiophene C5HGS 33.2 13.6 14.8 13.2 
Thiophenol CAHS 34.1 13.8 14.2 12.3 
Hexyl mercaptan C6H14S 33.0 11.6 14.8 13.2 
Thiocresol C7H8S 34.9 13.5 14.1 12.1 
Heptyl mercaptan C7H, 6S 33.7 11.6 14.4 12.7 
Cresolmethylsulfide COH 11S 36.2 13.4 15.9 15.0 
Decylmercaptan C1 0H22S 34.9 11.5 .13.8 11.7 
Dodecyl mercaptan C 12 H26S 35.5 11.5 13.6 11.4 
Hexyl sulfide Ci 2 HseS 35.5 11.5 13.6 11.4 
Heptlt sulfide C14H30S 35.9 11.5 13-4 11A 
Octyl sulfide C18H34S 36.3 11.5 .133 10.9 
Decyl sulfide C20H42S 36.8 11.4 13.1 10.7 

Average 11.3 13.1 11.5 

-Data fromn ref erences 38 and 39. Numnbers in parentheses not used for 
a-wegig.  

complete combustion per unit mass of oxygen consuimed are 
also listed in the tables. The values depend on the chemical 
structures of the materials. With some exceptions, the val
ties remain approximately constant within each generic 
group of fuels. From the average values. AH; = 12.8 kj/g ± 
7 percent. The &H; value of 12.8 kJ/g is close to 13.4 k)!8 used in the heating and power industries314 and 13.1 kj/g ± 
5 percent reported in reference 35. The variation of 7 percent 
would reduce significantly if values for low molecular 

*w eight hydrocarbons with small amounts of 0, N. and halo
gn were used in averaging.  

For the determination of the chemical heat release rate, 
nass consumption rate of oxygen is measured, and either 

the actual values or the average values of the net heats of 
complete combustion per unit mass of otdygen consurned are 
used. The measurement for the consumption rate of oxygen 
is described in the subsection entitled "Generation Rates of 
Chemical Compounds and Fire Ventilation."

Convective h~eat release rate: The convective heat release 
rate is dletermined from the Gos Teinpemritire Rise (GTR) ('(I/
oninielii'. where the following relationship is ujsed 2- 7 6

.
33

.1 

where QZ011 is the convective h~lat release rate (kWr12 ), Cp, is 
the specific heat of the coml'mstion product-air Mixture at 
the gas temperature (kJ/g-KI. 7i is thle gas temperatutre (K). T,: 
is ambient temperature (K), I1 is the total mass flow rate of 
the fire product-air mixture (: s). and A is the total exposed 
surface area of the material (ti i2).  

Radiative heat release rate: Chemical heat release irate 
consists of a convective and -i radiative component. Some 
fraction of the chemical hew: release rate mnay be lost as 
conductive heat. In systems where heat losses are negligibly 
smnall, the radiative heat releese rate can. be obtained fromt 
the differen~e between the r:ienical and convective heat 
release rates 24.1i.33.3fl

Q~ud = - n (24)

where Q,~is the radiative 1, at rclease rate (kW/mi2).  

Use ofGTR, CDG, and OC c. urimectries: In 1972 theCGTR 
calorimetry was used for th. first timie by the Ohio State 
University (OSU) to deterinimre the heat release rate. Flf The 
apparatus used is now known as the OSU Heat Release Rate 
Apparatus; it is shown in Figw~e 3-4.1.,The OSU Apparatus is 
an ASTM 7 and an FAA stand.ird test apparatus.' In the GTR 
calorimetry, it is assumed that almost all the thermal radiation 
from the flame is transferred to the flowing fire products-air 
mixture, as the flames are inside an enclosed space and heat 
loss by conductive heat transfer is negligibly small. The C 
cal1orimetry has now been adapted to the OSU apparatus.41 

The CDG, C and GTR Calorimetries were used for the 
first time during the mid-1970s by the Factory Mutual Re
search Corporation (FMRC) to determine the chemical, con
vective, and radiative heat release rates. 27

.
4 2

4 The appara
tums used is now known as the Flammability Apparatus 
(50-kW scale); it is shown in Figure 3-4.2(a). Heat release 
rate from the CDG and OC calorinietrics in the Flammiabilitv 
Apparatus was defined as tho actual heat release rate until 
1986, IrA.33.38.42-45 but after 1936 it was changed to the chem
ical heat release rate to account for the effects of: (1) the 
chemical structures of the materials and additives; (2) fire 
ventilation; (3) the two dominant inodes of heat release, i.e..  
convective and radiative. and (4) the effects of the flame 
extinguishing and suppressing agents.  

The Flammability Apparatus is a standard test appara
tus for electrical cables;'4 for wall and ceiling insulation 
materials, replacing the 25-ft comner test;2 r, and is expected.  
to be adopted as a standard test apparatus for conveyor belts.  
composites, sample storage commodities, and other appli
cations related to the commercial and industrial fire protec
tion needs in the future.  

In 1982 the National Institute of Standards and Tech
nology (NIST) used the OC calorimetry, 17

.1
8 following the 

methodology described in reference 35. The apparatus de
veloped to use this methodology, known as the Cone Calo
rimeter, is shown in Figure 3-4.3. The Cone Calorimeter 
became an ASTM standard test apparatus in 19901 

Sampling ducts have been designed for the Flammabil
ity Apparatus and the Cone Calorimeter to measure the mass 
generation rates Of CO2 and CO and mass consumption rate
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TABLE 3-4.10 Net Heats of Complete Combustion per Unit Mass of Fuel and Oxygen Consumed 
and Carbon Dioxide and Carbon Monoxide Generated for Polymeric Materials* 

AHr' AH AHa0, AHa0  . AHrl AH;' .Hco AH 0 Fuel Formulat (kJ/g) (kJ/g) (kJ/g) (kJ/g) Fuel Formulat (kJ/g) (kJ/g) (kJ/g) (kJig) 

Carbon-Hydrogen Atoms In the Structure Carbon-Hydrogen-Oxygen-NItrogen Atoms 
Polyethylene OH2  43.6 12.8 13.9 11.8 in. the Structure (Continued) 
Polypropylene CH .43.4 12.7 13.8 11.7 Rigid polyurethane foa ?is 
Polyisobutylene OH 2  43.7 12.7 13.9 11.9 GM29 CHI 1 00 23NO 10  26.0 12.6 10.7 6.8 
Polybutadiene CHI.5  42.8 13.1 13.1 10.7 GM31 CHI 0 22NO 10  '25.0 11.9 10.2 6.1 
Polystyrene CH 39.2 12.7 12.2 9.2 GM37 OH,1 200 NO0 8 28.0 12.7 11,2 7.5 
Expanded polystyrene Rigid polyisocyanurate foams* 
GM47 OHI,1 38.1 12.4 1-1.3 7.7 GM41 CH 1.0 0 19NO 1 26.2 12.5 10.4 6.4 
GM49 OH, 1 38.1 12.4 11.3 7.7 GM43 C H0 9300 2NOII 22.2 10.8 8.9 (4-0) 
GM51,. OH 35.6 11.6 10.8 7.0 
GM53 OHI 1 37.6 12.4 11.3 . 7.7 .Average 12.5 10.9 ,7.2 

Average 12.5 12.4 9.5 Carbon-Hydrogen-Chlorine Atoms In the Structure 

Carbon-Hydrogen-Oxygen-Nitrogen Atoms in the Structure . Polyethylene with 
Poyoymthlee H 5. 1.4 105 .6 25% chlorine OHI 9CIC 13 31.6 12.7 13.4 10.8 Poyoymtylne0 20 14 44 0. 66 36% chlorine CH; 80022 26.3 12,8 12.9 10.2 

Polymethyl- 48% chlorine OHI 7C10 36 20.6 -12.8 12.3 9.4 
methacrylate OH, 600 25.2 13.1 11.5 8.0 PlclrpeeO.3~.3 5 33 1 

Polyester OH, 400.22 32.5 139 12.5 9.6 Polyvichlorid~ee OH. 3C!0 30 16.4 13.7 12.7 825 
Epoxy CHi.3 0 .2 28.8 12.1 10.8 6.9. Polyvinyl-hoieC,5cs 64 1. 17 .  
Polycarbonate CHO 0 9. 29.7 13.1 10.7 6.9 idenechloride CHO 9.0 13.5 9.8 (5.5) 
Cellulose 

triacetate CHI.300 -67  17.6 13.3 9.6 5.1 .Average 12.8 12.1 9.6 

terephthalate OHO 004 22.0 13.2 9.6 5.1 Carbon-Hydrogen-Fluorine Atoms in the Structure9 

Rigid phenolic Teflon TFE OF 2  6.2 9. (71 (1) 
loam OH, 100.24 3 .6.4 (16-8) (14.0) (12.0) Teflon FEP OF, 8 4.8 (6.9) (5.0) (0) 

Potyacrylonitrile Tefzel ETFE OHF . 12.6 12.6 9.2 (4.4) 
(PAN) OHN 0.3 30.8 10.7 12.3 9.4 Teflon PFA OF1. 70 0 .0 1 5.0 (8.0) (5.3) (0) 

Red oak CHI.700 .72N.0 0, 17.1 13.2 10.2 6.0 Kel-F (OTFE) CF-_5CI0 s 6.5 11.8 8.6 (3.5) 
Douglas fir OHI.700.74No., 02  16.4 12.4 9.5 5.0 Halar (E-OTFE) CHF0 75 0 2 12.0 9.8 9.8 (5.4) 
Nylon OH,.800 .17N0 .17  .30.8 11.9 13.3 10.8 Kynar (PVF2) OHF 13.3 12.4 9.1 (4.2) 
Flexible polyurethane foams Tedlar (PVF) O H, SF0 .50  13.5 .(6.5) (7.1) .(1.1) 
GM21 OH, 5 0 30N00 5  26.2 12.1 11.5 8.0 Carbon-Hydrogen-Oxygen-Silicone Atoms In the Structure 
GM23, CHI800.35N.0 6 27.2 13.7 12.5 9.7 Silicone-i CHI 3 00 5Si0 1 is 21.7 12.6 11.0 74 
GM25 OH, 700 .32N0 .07  24.6 12-0 11.1 7.5 Silicone-2 OH .50 c 5 aSio2 21.3 13.9 12.4 9.4 
GM27 OH, 70O.3,N 0  23.2 11-2 10.4 6.2 Silicone-3 CH 30 0 SSi 0 ~ 25.1 14-5 21.0 23.0 

*From the data measured in our Flarmabiy Laboratory.  tFroui the data for ft elemental compositon of the polymeric materials measured in the FMRC Flarnmabity Laboratory.  
'From the data measured by our Flamrmability Laboratory in the oxygen bombh calorimeter and corrected for. water as a gas and for the residue.  
*Trade nanes from reference 40.

of oxygen for use in the CDG and OC calorimetries. (See 
Equations 18 and 21.) The CDG and OC calorimetries are 
used in the Flammability Apparatuis (50-, 500-, and 
10,000-kW scale). In the OSU Apparatus and the 'Cone 
Calorimeter, only the.00 calorimetry is used.  

The CDG and OC calorimetries are also used in numer
ous large-scale fire tests, such as the CDG calorimetry in the 
wind-aided turbulent horizontal flame spread in large-scale 
fire test galleries at the Londonderry Occupational Safety 
Centre in Australia and Pittsburgh Research Center, U.S.  
Bureau of Mines .46 .

4 7 

In the GTR calorimetry, a thermopile located in the flue 
gas chimney is used in the OSU Apparatus, and a thermo
couple located in the sampligg duct is used in the Flamma
bilityr Apparatus, where heat losses by conduction are neg
ligibly small. The Cone Calorimeter has not been designed 
for the GTR calorimetry. I.

The radiative heat release rate is determined from the 
difference between the chemical and convective heat release 
rates only in the Flammability Apparatus.  

Figure 3-4.21 shows a typical example of the heat re
lease rate profile. The profile is for the chemical heat release 
rate of polypropylene, determined from the COG and OC 
calorimetries in the Flammability, Apparatus (500-kW 
scale). The polypropylene sample was 100 mm in diameter 
and 25 mmn in thickness. It was exposed to an external heat 
flux of 50 kW/m2 under co-flowing normal air. In the figure.  
solid, molten, and boiling-liquid zones are indicated.  

In the solid zone in Figure 3-4.21, combustion is a t the 
steady state between about 400 and 900 sec. During the 
steady-state combustion, a very thin liquid film is present at 
the surface. In the molten zone, the thickness of the liquid 
film and chemical heat release rate increase rapidly during 
combustion. At the end of the zone, the entire sample is
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Fig. 3-4.21. Chemical heat release rate for 100-mnun diameter 
and 25-nun-thick slab of polypropylene exposed to an external heat 
flux ofSo kwlm2 and 0.09 in/s co-flowing normal oir in the Flamma
bility Apparatus. The theoretical prediction is based on thme Heat, 
Rlelease Poarometer for polypropylene listed in Table 3-4. 12.  

present as a liquid. In the boiling-liquid zone, the liquid 
boils vigorously, chemical heat release rate increases expo
nentially until the sample is consumed, the base diameter of 
the flame is considerably larger than the diameter of the 
sample dish (100 mnm), and the flames are as high as 1.5 in 
(5 ft). This zone is the most, dangerous zone.  

The chemical heat release rate profiles from the CDG 
and OC calorimetries are very similar, as pc\tc( e.  

Energy rel eased in a fire: The total amount of heat gener
ated as a result of chemical reactions in the combustion of a 
material is defined as the chemical energy. T he chemical.  
energy has a convective anid a radiative component

0-= IItiln (28)

%&here Ai, is the chemical, coinvective, or radiative heat of 
combustion (kj/g). The 'average chemical, convective, or ra
diative heats of combustion are calculated from the relation
ship based on Equations 26( and 27

- Ei . 29)

where .111 is the average c.hemlical, convective, or radiative 
heat of combustion (kl1"'). The average chemical heat of coin
btistion determined in the Cone Calorimeter is dcfincd as the 
effective heat of combustin. 17-19 

Heat release parameter (HRP): Heat release parameter 
(HRP) is defined as the amount of energy generated per iti 
anmount of energy absorbed. From Equations 11 and 28 

Q= \jj-(~+(4qr)(30) 

where AH1/AI-1 is defined as the chemical, convective, or 
radiative Heat Release Parameter, (HRP],:i. (HRPhWT., or 
(HRP),,jI.-respectively. 4 The HRP values are characteristic, 
fire properties of materials, but depend on fire ventilation. The 
chemical Heat Release Parameter is independent of fire size.  

.In Figure 3-4.21, the theoretical prediction is fromn Equa
tion,30. with chemical Heat Release Parameter = 19, exter
nal heat flux = 50 kW/m2 , and surface re-radiation = 18 
kW/M2 with negligibly small flame heat flux. The theoretical 
prediction is very close to the measured value in the solid zone.  

Experimental data support Equation 30,, as shown in 
Figures 3-4.22 through 3-4.24, where the average peak or 
steady-state chemical heat release rates are plotted against 
the net heat flux. Linear relationship between the chemical 
heat release rate and net heat flux is satisfied. For the con
dition t), )> (4 - q;,. the average value of the Heat Relcase 
Parameter is calculated from the summation of the heat 
release rate and the external heat flux

Ec Ecan + Eri (25)

where Ech is the chemical energy (kJ). EiL.0,, is the c:onvective 0o 
energy (kj). arnd Emd is the radiative energy (ki). The chemical 2"I 
energy and its convective and radiative components are calcu- X3 
lated by the summation of the respective hleat release rates U wX 

Ej A' N i~tnAt.(26) >. w 

where E, is the chemical, convective, or radiative energy (kJ),' t ( 
A is the total surface area of the material burning (in -). t, is 

theigntio tie (),nd ,~ is the flame extinction time (s). X 
The total mass of the material lost during combustion isC 
measured directly from the initial and final mass and is 
calculated by the summation of the mass loss rate

WI A5ji1(tn)At. (27) 

where Wf is the total mass of the matetial lost in the com
bustion (g) 

Heat release rate can also be expressed as the product of 
the mass loss rate and the heat of combustion

0 10 20 30 40 50 60 70 80 
NET HEAT FLUX (lcW/m3) 

Fig. 3-4.2i. Average steady-state chemical hcat release rate 
versus net heat flux for polystyrene slab. Not heat flux is the sum 
of the externial and flame heat flux minu the surfcre 
radiation.
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(1-1111% E, (31) 1200 

Complete and incomplete combustion: In fires, (onibus- 10o0 
tion is ncver complete. Thus, the chemical heat release rate 
or the chemical heat of combustion is less than the heal < 
release rate for complete combustion or the net heat of corn- a: 800 
plete combustion. The ratio of the chemical heat release rate < 
to the heat release rate for complete combustion or the ratio < 
of the chemical heat of combustion to net heat of comnp lete WuC 

combustion is defined as combustion efficiency" 4 16333r U) 

400 
- rnt= -Iq= - = (32) cr 

=Q - rh"Al',- tAHT
where X,.. is the combustion efficiency. and 0~ is the heat 
release rate for complete combustion (kW/nm2 ). The convec
tive and radiative components of the combustion efficiency 
are defined in a similar faho -41.33 

':Onl hi?"AHT -AH 

Xmod -IIH - HT(34) 

where Xco is the convective component of thie combustion 
efficiency, and Xrrjd is thie rad~iativ'e component of the coin
bustion efficiency. Fromn the definitions 

AHc.h = AH(:011 + A-, (35) 

XLI)= Xcon) + X)yaj (36) 

The chemical, convective, and radiative heat release 
rates, heats of combustion or combustion efficiencies de
pend on the chemical structures of the materials and fire 
ventilation. The distribution of the chemical heat into con
.vective and radiative components changes with fire size.

0 10 20 30 , 40 

NET HEAT FLUX (kW/m 2) 

Fig. 3-4.23. Average steady-state chemical h 
versus the net heat flux for high molecular we 
liquid burning in a 100-mm-dianieter dish. The 
data wore measured at the research laborai 
Corning Corporation, Midland, Mi. Nfet heat flu 
external and flame heat flux minus the surface

ol 1 
0 20 40 60 

EXTERNAL HEAT FLUX (kW/m 2)
80 100

Fig. 3-4.24. Peak chemical heal release rate versus the external 
heat flux for 100- x 100-mnn X 3- to I 1-mm-thick slab of polyvi
nyl ester (P VEST, P VEST/fiberglass, epoxy, epox v/fiberglass, 
and wood (hemlock). Data measured in thc Cone Calorimeter as 
reported in, reference 20 arc shoni.  

The larger the fire size, the larger the fraction of the chemical 
heat distributed into the radiative component.  

*lhe chemical.. convective, and radiative heats of comn
bustion and the Heat Release Parameter values for the well
ventilated fires are listed in Tables 3-4.11 and 3-4.12, respec
tively. Comparisons between the limited data from the OISU 
Apparatus and the Flammability Apparatus and the Cone 
Calorimeter are satisfactory.  

EKAMPLE 10:

Heptane was burned in a 2-rn-diameter pan, and mea
I I surements were made for the mass loss rate, mass generation 

rates of CO and CO2 , and mass consumption rate Of 02. The 
average values in g/m2 -s for the mass loss rate, mass gener
ation rates of CO and CO2 . and mass consumption rate ofO02 
were 66. 9, 181, and 216, respectively. For large-scale fires of 
heptane, the literature values are: Xch = 0.93.,,, = 0.59, 
and Xrod ='0.34. The net heat of complete combustion for 
heptane reported in the literature is 44.6 kj/g. Calculate the 
chemical heat release rate and show that it is consistent with 

29 the rate based on the literature value of the combustion 
~3i~i1efficiency. Also calculate the convective and radiative heat 

release rates.  

SOLUTION.  

From Table 3-4.7. the net heat of complete combustion 
per unit mass of oxygen consumed is 12.7 kj/g; the net heat 

50 60 70 of complete combustion per unit Mass Of CO2 generated is 
14.5 kj/g; and the net beat of complete combustion per unit 
mass of CO generated is 12.8 kj/g. From the CDG Calorimetry 

cot release rate (Equation 18) 
ight hydrocarbon 
Cone Calorimeter Q, 45X11+1.  

ory o the ow. =2625 + 115 = 2740 kW/m2

(Text continued on page 3-84)
x is the sum of the 
re-radiation.

3-177



I()INAME SIPL HANUI3UUK PAGL: 26SLSS: 11 3UU I F'U 1:1 ueMt NlJU' 60 :314 1IYY..  
!'ne/drjve2/nf/9408 - I/spfe/chiap-03 - 04

. 3-78 DESIGN CALCULAT'IONS 

TABLE 3-4.11 Yields of Fire Products and Chemical, Convective, and Radiatfive Heats 
of Combustion for Well-Ventilated Fires* 

Yc02 Yco YCh Ys AHCh 

Material (kJ/g) (g/g) (kJ/g)

Common Gases 
Methane 50.1 2.72 
Ethane .47.1 2.85 
Propane 46.0 2.85 
Butane 45.4 2.85 
Ethylene 48.0 2.72 
Propylene 46.4 2.74 
1.3-Butadiene 44.6 2.46 
Acetylene 47.8 2.60 

Common Liquids 
Methyl alcohol 20.0 1.31 
Ethyl alcohol 27.7 1.77 
Isopropyl alcohol 31.8 2.01 
Acetone 29.7 2.14 
Methylethyt ketone 32.7 2.29 
Heplane 44.6 2.85 
Octane 44.5 2.84 
Kerosene 44.1 2.83 
Benzene 40.1 2.33 
Toluene 39.7 2.34 
Styrene 39.4 2.35 
Hydrocarbon 43.9 2.64 
Mineral oil 41.5 2.37 
Potydimethyl sitoxane 25.1 0.93 
Silicone 25.1 0.72 

Natural Materials 
Tissue paper -

Newspaper -

Wood (red oak) 17.1 1.27 
Wood (Douglas fir) 16.4 1.31 
Wood (pine) 17.9 1.33 
Corrugated paper 
Wood (hemnlock)1 

wool 100% t -

Synthetic Materials -Solids (abbreviations/names 
ABS? 
POM 15.4 1.40 
PMMA 25.2 2.12 
PE 43.6 2.76 
PP 43.4 2.79 
PS 39.2 2.33 
Silicone 21.7 0.96 
Polyester-i 32.5 1.65 
Polyester-2 32.5 1.56 
Ep-oxy-I 28.8 1.59 
Epoxy-2 28.8 1.16 
Nylon 30.8 2.06 
Polyamide-61 
IPSTI 
PVESTI 
Silicone rubber 21.7 0.96

Polyurethane (Flexible) Foams 
GM21 26.2 
GM23 27.2 
GM25 24.6 
GM27 23.2

1.55 
1.51* 
1.50 
1.57

0.001 
0.005 
0.007 
0.01 3 
0.017 
0.04 8 
0.042 

0.001 
0.001 
0.003 
0.003 
0.004 
0.010 
0.011 
0.012 
0.067 
0.066 
0.065 
0.019 
0.041 
0.004 
0.006 

0.004 
0.004 
0.005

in the nomenclature)

0.001 
0,010 
0.024 
0.024 
0.060 
0.02 1 
0.070 
0.080 
0.080 
0.086 
0.038 

0.021 

0.010 
0:031 
0.028 
0.042

0.00i 
0.001 
0.003 
0.005 
0.006 
0.014 
0.013 

0.00 1 
0.001 
0.001 
0.001 
0.004 
0.004 
0.004 
0.018 
0.018 
0.019 
0.007 
0.012 
0.032 
0.008 

0.001 
0.001 
0.001

0.013 
0.024 
0.029 
0.043 
0.095 
0.125 
0.096 

.0-008 
0.015 
0.014 
0.018 
0.037 
0.038 
0.042 
0.181 
0.178 
0.177 
0.059 
0.097 
0.232 

.0.015 

0.015 
0.008 

0.105 

0.022 
0.060 
0.059 
0.164 
0.065 
0.091 
0.089 

0.098 
0.075 
0.011 
0.080 
0.076 
0.078 

0.131 
0.227 
0.194 
0.198

0.001 
0.001 
0.007 
0.006 
0.014 
0.006 
0.020.  
0.029 
0.030 
0.026 
0.016 

0,005 

0.002 
0.005 
0.005 
0.004

30.0 
14.4 
24.2 
38.4 
38.6 
27.0 
10.6 
20.6 
19.5 
17.1 
12.3 
27.1 
28.8 
23.3 
22.0 
10.9 

17.8 
19.0 
117.0 
16.4
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TABLE3-4.11 Yields of Fire Products and Chemical, Convective, and Radiative 
Heats of Combustion for Well-Ventilated Fires* (Continued) 

A Yco2  Yco Ych Ys -%c Hc, -H 

Material (kJ/g) (g/g) (kJ/g)

Polyurethane (Rigid) Foams 
GM29 26 
GM31 25 
GM35 28 
GM37 25 
GM41 26 
GM43 22

Polystyrene Foams 
GM47 
GM49 
GM51 
GM53 

Polyethylene Foams 
1 
2 
3 
4 

Phenolic Foams 
i t 

Halo genated Materials 
Polyethylene with 

25% chlorine 
36% chlorine 
48% chlorine 

PVC 
PVC-1 t (LOI = 0.50) 
PVC-2t (LOI = 0.50) 
PVCt (LOI = 0.20) 
PVCt (LOI = 0.25) 
PVCt (LOI = 0.30) 
PVCt (LOI = 0.35) 
PVC panel 
ETFE (Tetzel') 
PFA (Tefion-) 
FEP (Teflon-) 
TFE (Tefiori') 

Building Products$ 
Particleboard (PB) 
Fiberboard (FB) 
Medium-density FB 
Wood panel 
Melamine-laced PB 
Gypsumboard (GB) 
Paper on GB 
Plastic on GB 
Textile on GB 
Textile on rock wool 
Paper on PB 
Rigid PU 
EPS

0.03 1 
0.038 
0.025 
0.024 
0.046 
0.051 

0.060 
0.065 
0.058 
0.060 

. 0.020 
0.026 
0&020 
0.015

0.003 
0.002 
0-001 
0.001 
0.004 
0.004 

0.014 
0.016 
0.013 
0.01.  

0.004 
0.008 
0.004 
0.005

0.130 
0.125 
0.104 
0.113 

'0. 180 
0.210 
0.185 
0.200 

0.056 
0.102 
0.076 
0.071

0.002

(abbreviations/names in the nomenclature)

1.71 
0.83 
0.59 
0.46 

0.54 
0.37 
0.25 
0.38 

1.2 
1.4 
1.2 
1.2 
0.8 
0.3 
0.4 
0.4 
0.4 
1.8 
1.2 
1.1 
1.9

0.042 
0.051 
.0.049 
0.063 

0.060 
0.097 
0.116 
0.092 

0.004 
0.015 
0.002 
0.002 
0.025 
0.027 
0.028 
0.028 
0.025 
0.091 
0.003 
0.200 
0.054

0.016 
0.017 
0.015 
0&023 

0.020

0.115 
0.139 
0.134 
0.172 
0.098 
0.076 
0.099 
0.078 
0.098 
0.088 

0.042 
0.002 
0.003 
0.003

16.4 
15.8 
17.6 
17.9 
15.7 
14.8 

25.9 
25.6 
24.6 
25.9

34.4 
36.1 
33.8 
32.6

14.0 
14.0 
14.0 
15.0 
10.7 
4.3 
5.6 

14.3 
13.0 
25.0 
12.5 
13.0 
28.0
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* -80 DESIGN CALC'ULATIONS 

TABLE 3-4.11 Yields of Fire Products and Chemical, Convective, and Radiative 
.Heats of Combustion for Well-Ventilated Fires* (Continued)

Material (kJ/g)

YC02  Yco Yci, Ys 

(gifg) (kJ/g)

Composite and Fiberglass -Reinforced Materials (FGR) 
PEEKIFGRI -

IPST/FGR1  -

PES/FGRt -

PEST1/FGR
t  -

PEST2/FGRt 
PESTi/FGR-
PEST2/FGR 
PEST3/FGR - 1.47 

PEST4/FGR - 1.24.  
PEST5/FGR - 0.71 
Epoxy/FG' 
PVEST/FGR -

Kevlar' /Phenolic - 1.27 
Phenolic-1/FGR - 0.98 
Phenolic-2/FGR

t --

Aircraft Panel Materials 
Epoxy/FGR/paint 
Epoxy/Kevar'"/paint 

0henolic/FGR/paint 
* henolic/Xevtar -/paint 

nenolic/graphile/painI 
Polycarbonate

0.828 
0.873 
1.49 
1.23 
1.67

(abbreviations/names in the nomenclature)

0.055 
0.039 
0.102 

0.025 
0.066 

0.114 
0.09 1 
0.027 
0.088 
0.026

0.007 
0.004 
0.019 

0.002 
0.003 

0.016 
0.016 
0.002 
0.011 
0.003

Electrical Cables (abbreviation s/names in the nomenclature)
Polyethylene/Potyvinylchloride 

2 
3 
4 
5 

EPRIl-ypalan 

2 
3 
4 
5 
6

Silicone 

2 

XLPEIXLPE 

2 

XLPE/Neoprene 

2 

Silicone/PVC 

VC/Wyon/PVC-Nylon

- 1.65 
-1.47 

- 1.78 
- 0.83 

- 0.68 
- 0.63

- 0.63 
- 0.49

0.100 
0.050 
0.048 
0,166 
0.147 

0.072 
0.076 
0.072 
0.090 
0.122 
0.121 

0.011 
0.029 

0.114 
0.110 

0.122 

0.082

0.110 
0.065 

0.084 
0.082

0.02 1 
0.013 
0.012 
0.038 
0.042 

0.014 
J.022 
0.014 
0.085 
0.024 
0.022

0.001 
0.001 

0.029 
0.024.  

0.031 
0.014 

0.015 
0.005 

0.024 
0.032

0.042 
0.032 
0.049 

0.070 
0.054 
0.068.  
0.056 
0 079 
0.041 
0.023 
0.016 

0.166 
0.126 
0.059 
0.094 
0.062 

0.076 
0.115 

0.136 

0.082 

0.164

20.5 
27.0 
27.5 
16.0 
12.9 
19.0 
13.9 
17.9 
16.0 
9.3 

27.5 
26.0 
14.8 
1 1.9 
22.0 

11.3 
11.4 
22.9 
18.6 
24.6 
20.5

0.120 
0.120 

0.175 

0.111 
0.119 

0.115

.10.7 
9.9 
6.5 

11.1 
8.9 

6.2 
6.3 

11.5 
8.9 

14.0

5.0 5.2 
4.8 4.4

I
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TABLE 3-4.11 Yielda of Fife Pmnducts and Ch7emkcal Conveective, and Ralatluv 
Heats of Combustion for Weii-Ventilaed Fires* ([Continued) 

47 Ycoi Y00 Yet, YS AH4,h A ~ H 

Malarial [k1)(91) (kJ&a 

PTE 
1 0.180e 0.091 D.01 2 U.Oii 3.2 .2.7 0.4 

2 8.2 0.3819 0.103 -0.005 5.7 -

Materials with Fiberwab, NwYa~ik, and Multiplex Slnicture (abbreviations/fmema Ins the namenclaturL9 
Ol0111 . - 1.49 0.006 - 16.5 13.3 3-2 

PP-i1 - 1.25 - .0025 - - 14.0 10.8 3.2 

PP-2 - 1.56 .0.0048 - - 17.2' 10.5 6.7 

Polyester-11 - 2.21 0.015 - - 24.6 8-9 15.7 

Polyester-2 - 1.51i 0:0079 - -16.8 9,11 7.7 

Polyster-3 - 2.55 0.020 - -28,5 22.6 5.9 

Polyester-41 1.22 0,014 -- 21.4 12.4 9.0 

Rayon-I - 1.80 0.043 - -20.3 14.1 C,2 

RaYcrt-2 - 1.91 . 0-1343 0.002 -21.5 13.3 6.2 

Rayon-3 - 1.18 0.047 -- 13.5 5.3 5-2 

Polyester-Rayon - 1.52. 0.005 - 15.8 9.1 7.7 

P*oer-polyrlde - 1.82 , 0.008 - 20.2 10.4 9.8 

Rayon-PE - 1.50 0-.027 - 15.9 8.72 8.2 

Two to E0ght 100- x 100- x 700-mm Convga*cI Pperf Boxes withi anid witout thre Polymers with Three-Dinegns)ial Arrungeinent 
(atbrevatlons/names in the nomenoletureif 
Empty - 1.53 0.023 0.001 - 142 10.7 3.5 

With PVC (62%-Thiick) - 1.01 0.013 0.007. 0.119 10.7 9.5 1.2 

Wfh PC (59%-thlck) - 1.73 0.047 0.0w 0.061 16.4 13.5 4.9 

With PS (58%-thick) - 140u 0.138 0.026 0.285 16.2 12.5 3.7 

With PS (6%*ln) - 1.8 0.6.020 0,140 19.4 10.1 9.3 

With PS (40%-Thin) - 1.74 0.042 0.005 0.167 18.0 11.7 6.1 

WIth ABS (59%-1hldli) - 1.53 0.089 0.006 .0,143 16.1 12.7 3.4 

With PET (dl%-thin) - 1.87 0.060 0.006 0.051 19.9 11.8 8.1 

With PU (40%-loamn) - 1.66 .0.024 - . -14.4 8.6 5.8 

High-Pressure Liquid Spray Combuthonl 
Hydraulic Fruids 
Organic polyo esters 
1 36.8 6 35.5 

2 35.7. - . --- 35.1 

3 40.3 -- 37.2-

4 37.0 . 35.7 

Phosphate ester5 
31.6 -- -29.3

2 32.0 - -- 29.5 

Water-In-Ol Emulsions 
1 27. -- 2.5

polyglycol-in-Vfttar 
1 11.0 - 104 

2 11.9-D 11.1 

3 14.7 ' -12.2

4 12.1 ---- 10.5 

Liquid Fuels 
Mineral i 46.0 ---- 44.3 

Methanol 20.0 --- 19.8-
Ethaol. 27.7 -- -26.2-

Heptane 44,4 - -- 40.3-

*D3gb measured In the Rrvsubitly Apperahta Dta measured in the Core cawimer are Idertfled by eu dt a nd 4 Snom oft am r correoed to reft 

ywol-vut *re aardltvm. Al tho data art rete or tv wIm tifres Lte.. materil siceed b hkgtr otrnsw twat flux Vamn 
Dairies: etr not moeanued or are les than 0.001.  

t Ca1c~atWrOmtW Oata fmed Ithe Cone Callcrinnator asrcpot In reiurios 20 end 31.  
toalmujted trrin Is data mmued in "e Cone Cabinnmeter as reported in mre~wnm 412L 

410-t 100- x 1 004Af ii omggc pape boxes with arid wimthe go x9 i 90- xt 99-nt pa~wiw barns Df piem an cmjgAtd pape wwvetrurta. Th- binsa 
ame arranged fI one and two layers. about 12 mmnAprl wt ofe 1oo tos I ach byo. aepmtedx by abotSt 12 mrms ANt the bWpm e l oa. very tigt m~etal 
framne made ofiods with softn bae. Mealuverflrd mace I n lie F~nmabifty AppialJs; niae's I n patritesa are the wetht percenft 
'Data fromn relerence 49 mnea~xed fI hl"Yea-srms tiquid spray cmb~lln In the Fre Prala Collector 11004MW scale apparatus h igiPure 3.4-%.
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.3-82 D)ESIGN CALCULA1IONS 

TABLE 3-4.12 Chemical and Convective Heat Release Parameters 

(HRP)ch, (HRP)cw, 

Flammability Flammability 
Materials Apparatus Cone* Cal t  Apparatus OSUt Gait 

Liquids and Gases (Hydrocarbons, Alkanes) 
Hexane -83 -- 56 
Heptane -75 -- 50 
Octane -68 - 46 
Nonane -- 64 -- 42 
Decane -59 -39 

Undecane -- 55 -- 36 
Dodecane -52 - 34 
Tridecane -- 50 -- 32 
Kerosene -47 -- 17 
Hexadexane -44 -- 28 

Solids (abbreviations/names in the nomenclature) 
ABS -14 ---

Acrylic sheet -6---

Epoxy 11
[PST -6-
Polyamnide 21--- .

Polypropylene 19 - - 1 
Polyethylene 17 21 - 12 -.Polystyrene 16 19 - 6 -
Polymethylmethacrytate 15 14 - 10 -

Nylon 12 -- 7 -

Polyamide-6 -21 - - -

Filled phenolic foam-50% inert - 1 ---

Polycarbonate 9 - - --

Polyoxymethytene 6 5 
Polyethylene/25% Cl 11 -- 5-
Plasticized-PVC-3, LOt 0.25 -5 
Plasticized-PVC-4, LOt 0.30 -5 
Plasticized-PVC-5. LOt 0.35 -5 
Polyethylene/36% Cl 4 - - 2-
Rigid PVC-i. LOt 0.50 -3 -
Rigid PVC-2 2 3 - 1-
PVC panel 2 - - -

Polyethylene/48% Cl 2 - - --

PVEST -13 ---

ETFE (Tetzel') 6 - - --

PFA (Teflon-)' 5 - - --

FEP (Teflon-) 2 - - --

TFE (eflon-) 2 - - --

Wood (hemlock) -1 ---

Wood (Douglas ir) 7 - - . 5-
wool. 5 - --

Composites and Fiberglass-Rein forced Materials (FGR) (abbreviations/namnes in the nomenclature) 
-Bism-aleimide/graphite/ceramic (CC) I --

Epoxy/FGR 2---
Epoxy/graphite 2----
Epoxy/graphite/CC 2----
Epoxy/graphitefintumescent (IC) 2 ---. 1PST/FGR 1 
PEEK/FGR 3---
PES/FGR ---

PEST-IIFGR 3--.---
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GENERAT'ION OF HEATI AND CHEMICAL COMIPOUND)S IN inuiEs 3-83 

TABLE 3-4.12 Chemical and Convective Heat Release Parameters (Continued) 

(H-RP)ct. (HRP)co,, 

Flammability Flammability 
Materials Apparatus Cone* Gait Apparatus OSU1 Gait 

Composites and Fiberglass -Rein forced Materials (FGR) (Continued) 
PEST-6/FGR 321-
Phenol/FGR 1 
Phenolic/Kevlar'* 2---
Phenol/graphite 1 
PVEST-1/FGR 3-
PVEST-1/FGR/CC 3-
PVEST-1/FGR/IC 1I 
PVEST-2JFGR 7-
PVEST-3/FGR 2-

Aircraft Panel Materials 
Epoxy fiberglass 4 5 * - 2 1 
Epoxy Kevtar- 4 4 - 2 2 
Phenolic Kevlar" 5 4 - 2 
Phenolic graphite 4 3 - 1
PhenoliC fiberglass 4 3 - 2 1 
Polycarbonate panel 9 - -

Foams 
Polystyrene 
GM53 
GM49 
GM51 

Flexible Polyurethane 
GM 21 
GM 23 
GM 25 
GM 27 
Phenolic

*20 
19 
18 

7 
9 

14 

9

Electrical Cables (abbreviations/names 
PVC/PVC- 1 (Group 3) 
PE/PVC (Group 3) 
PP.PEST/PVC (Group 3) 
PVC/PVC-2 (Group 3) 
Chtorinated PE (Group 2) 
PVC/PVC-3 (Group 2) 
EPR/PVC (Group 2) 
PVC/EPR (Group 2) 
XLPEIXLPE (Group 2) 
EPR/hypalon-i (Group 2) 
EPR/hypalon-2 (Group 2) 
EPR/hypalon-3 (Group 1) 
EPR/hypalon-4 (Group 1) 
EPR/EPR-1 (Group 1) 
EPR/EPR-2 (Group 1) 
EPR/EPR-3 (Group 1) 
XLPE-EVA-1 (Group 1) 
XLPE-EVA-2 (Group 1) 
ETFA (Group 1) 
PVCIPVF2 (Group 1) 
FEP/FEP-1 (Group 1) 
FEIPYFEP-2 (Group 2)

in the nomenclature) 
15 
19 
11 
14 
5 
4 
6 
4 

6 
6 
4 

3, 
3 
3 
3 
2 
3 
3 
3 
1 
2 
2

-Calcuated trom the data reported in relererice 20 and 31.  tC8iCUIWed trom the data i relereivesW38 and 39.  
*Frorn referenice so.
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From OC Calorimetry (Equation 21) 

=12.7 X 216 =2743 kW/m 2 

The chemical heat release rate from the COG and OC cal
orimetries are in excellent agreement, the avecrage being
2742 kMin 2 .  

The chemical heat of combustion is the prodi-fs of net 
heat of complete combust ion (44.6 kj/g) and thc combuistion 
efficiency (0.93). which is 41.5 kj/g.  

Thc chemical heat release is the product of [lie mass 
loss rate (66 g/rn2-s) arid chemical heat of combhustion 
(41.5 ku 8g). which is 2739 kW/ml2. compared to the aver
aged value 2742 kMin' from the COG and OC calorinmc
tries. Thus, the chemical heat release determined from the 
measurements is consistent with the rate from thec litera
ture value of the combustion efficiency.  

The convective heat release rate is equal to the. conl
vective hcat of combustion and the mass loss ratc. The 
convective heat of combustion is equal to the convective 
component of the combustion efficiency (X,:,,, = (0.59) 
times thie net of complete combustion (44.6 k),'g).Ihtts, the 
convective heat release rate for hieptane =6 x 0.59 X 
-44.6 = 1737 kW/in2. In a similar fashion, the radiative 
heat release rate = 66 x 0.34 x 44.6 = 1001 kl.V/ni 2.  

EXAMPLE 11: 

From Radiation Scaling Technique, the asymptotic mass 
loss rate values in g/mz-s. expected in large-scale fires, as 
listed in Table 3-4.5, for polyethylene, polystyrene. polvVi
nvlchloride, and Teflon'm are 26, 36, 16, and 7, respectively.  
The chemical heats of combustion in kJ/g listed in Table 
3-4.11 for these materials are 38.4, 27.0, 5.7, and 4. 1. respec
tively. Estimate the chemical heat release rates expected in 
large-scale fires of polyethylene, polystyrene, polyvinylchlo
ride, and Teflon'm. (Teflon" in this chapter refers mainly to 
FEP. except in cases where it is identified otherwise.) 

SOLU7ION: 

The chemical heat release rate is calculated from 
Equation 28. The chemical heat release rates estimated 
in the large-scale fires are: (1) polyethylene: 26 x 38.4 
998 kW/m 2; (2) polystyrene: 36 x 27.0 = 972 kW/m 2, 
(3) polyvinylchloride: 16 x 5.7 = 91 kW/ni 2: and (4) 
Teflon'": 7 x 4.1 =28 kMn 2.  

E~XAMPLE 12: 

Heat release rate is the pr oduct of the Heat Release 
Parameter and the net heat flux absorbed by the material, is 
indicated in Equation 30. This concept is used in various 
models to predict fire propagation and heat release rates.
whereas values for the Heat Release Parameter are taken 
from a handbook, such as this handbook, and net heat flux is 
estimated through correlations. The lower the value of the 

*H eat Release Parameter for a fixed value of the net heat flux.  
the lower the heat release rate.  

The values for the surface re-radiation, flame heat flux 
.or large-scale fires, and chemical Heat Release Parameter 
are listed in Tables 3-4.4, 3-4.5, and 3-4.12, respectively.  
Calculate the chemical heat release rates expected in large
scale fires of heptane, kerosene, polyethylene, polypropy-_ 
lene, polystyrene, polymethylmethacrylate, polvvinylchlo
ride, and Teflon"

SOLUION: 

The chemical heat release rates are calculated from the 
relationship I(H-RP),/ x (4 - ij, 1) which is Equation 3o: 
(1) heptane: (75)(37 - 1) =2700 kV/in2 ; (2) kerosene: 
(47)(29 - 1) = 1316 kw/i 2;(3)polvctlivlciic:(17)(61 -15) 

=782 kMV,' 2; (41 polypropylene: (16)(67 - 15) 98YO 
kW/m2; (5) polystvrene: (Ii6)(75 - 13) =992 kW/ni,2: 
(6) polvniethylmethacrvlate: (151(57 - 11) =690 kW/m2:; 
(7) polyvinylchloride: (2)(50 - 15)1 70 kMin'; and 
(8) T'eflon": (2)(52 - 38) = 28 kW/m2.  

The example shows the importance of the Chemical Hcat 
Release Parameter, flame heat flux, and surface re-radiation.  
Heat release rate and fire ventilation: In the majority of 
fires, hazards are due to fires occurring in enclosed spaces.  
In earl), stages, a building fire is well-ventilated, and is easy 
to control and extinguish. However, if the fire is allowed to 
grow., esp~ecially with limited enclosure ventilation and large 
material surface area, it becomes a ventilation-control led firC 
and can lead to flashover, a very dangerous condition. In 
vent ila tion -cont rol led fires, the chemical react ions betwee n oXy'gen from air and p~roducts of incomplete combustion 
from thie dlecomposed and gasified material (e.g.. smoke. CO.  
hydlrocarbons. and other intermediate products) remain in
complete anid heat release rate decreases.3R 

In ventilation-controlled fires, heat release rate depends 
on the air supply rate and the mass loss rate, in additioni to 
other factors. For ventilation-controlled fires, the effects of' 
the mass flow rate of air and fuel mass loss rate are charac
terized. most commonly, by the local equivalence ratio 

Shi"A(37) 

%-.here 4) is the equivalence ratio, S is the stoichiometric 
mass air-to-fuel ratio (gig), ,iii is the mass loss rate (g/mn2 _S), 
A is the exposed area of the material burning (mn2 ), and ii~, 
is the mass flow rate of air (g/s).  

Generalized state-relationships between mass fractions 
of major species (0,. fuel,. CO2. H20, CO. and H,) and 
temperature as functions of local equivalence rati:os for 
hydrocarbon-air diffusion flames are available.51 The rela
tionships suggest that the generation efficiencies of CO, fuel 
vapors, water. CO2. and hydrogen and consumption effi
ciency of 02 are in approximate thermodynamic equilib
rium for well-ventilated combustion, but deviate from equi
librium for ventilatio 'n-controlled combustion. This concept 
has been used for fires of polymeric materials.3r, In the tests.  
chemical and convective heat release rates, mass loss rate.  
and generation rates of fire pro ducts have been measured for 
various equivalence ratios in the Flammability Apparatus 
(Figure 3-4.2(a)] and in the Fire Research Institute's (FRI) 
0.022-m:1 enclosure in Tokyo. Japan, described in reference 
36. .The combustion efficiency and its convective comipo
nent are found to decrease as fires become fuel rich, due to 
increase in the equivalence ratio. The ratio of the combus
tion efficiency and its convective component or chemical 
and convective heats of combustion for ventilation-cont rolled 
to well-ventilated combustion is expressed as36 

cc/ (Xch)w, (AHchA17i - (AHch).r (38) 

(Xcml - c (AH.,&,IH7l, ,, (A.) (39) 

where ;,h and Cc, are the ratio of the combustion efficiency
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i00 101 

EQUIVALENCE RATIO

Fig. 3-4.25. Ratio of the ventilation-cont(rolled to well.  
ventilated chemical heat of combustion versus the equivalence 
ratio. Data arc measured in the Flammability Apparatus and in 
the Fire Research Institute's enclosure. 36 Subscript vc represenits 
ventI ilat ion -cant rolled fires, and subscript wv represents wvell.  
ventilat ed fires.  

and its convective component or chemical and convective 
heats of combustion for ventjilation-co ntrol led to well
ventilated combustion, subscript vc represents ventilation
controlled fire, and wv represents well-ventilated fire.  

The experimental data for the ratios of the chemical and 
convective heats of combustion for vent ilat ion-con trolled to 
well-ventilated fires at various equivalence ratios are shown 
in Figures 3-4.25 and 3-4.26. The data are measured in the 
Flammability Apparatus and the FRI 0.022-in31 enclosure.  
details of which are described in reference 36. The data for 
the polymers indicated in thc figures satisfy the following 
general correlations, irrespective of their chemical structures ' 

_______c 0.97 (0 (aHch)w,, exp(4@12.15) 1?(0 

(Hvjv exp(cD/1.38) -0(1 

The effects of ventilation on the chemical and convec
tive heats of combustion are reflected by the magnitudes of 
the expressions within the parentheses on the right-hand 
sides of Equations 40 and 41. For a well-ventilated fire, 4) 
1.0 and (,NHc.h),c = (AHch),v and (aHcen),, (A!Hcn),,v.  

As a fire changes from well-ventilated to ventilation
controlled, equivalence ratio increases and the magnitudes 
of the expressions within the parentheses on the right-hand 
sides of Equations 40 and 41 increase. Thus with increase in the 
equivalence ratio, the chemical and convective heats of combus
tion decrease. The decrease in the convective heat of comn
bustion is higher than it is for the chemical heat of combus
tion. because the coefficients for the equivalence ratios are 
different. The correlation thus suggests that higher fraction 
of the chemical heat of combustion is expected to be con
verted to the radiative heat qf combustion as fires change 
from well-ventilated to vent ilation-controlled. This is in 
general agreement with the observations for the ventilation
controlled fires in buildings.

Equations 40 and 41 can be used in models for the 
assessment of the ventilation-controlled firc behavior of ma-
terials. using chemical and convective heats of combustion 
for well-ventilated ires such as from Table 3-4.11.  

EXAMPLE 13: 

.Calculate the chemical heats of combustion at equiva
lence ratios of 1. 2. and 3 for red oak. Ipolyethyl-i~e, polystv
rene, and nyloni using Equation 40 and data from Table 
3-4.11 for well-ventilated fires.  

SOLUTION: 

Chemical Heats of Combustion (kJ/g) 

Material 4)4 1.0 4) = 1.0 4) = 2.0 1 = 3.0 

Red oak 12.4 11.4 8.3 6.2 
Pctyethylene 38.4 35.3 25.9 19.3 
Polystyrene 27.0 24.9 18.2 13.6 
Nylon 27.1 24.9 18.2 13.6 

Generation of Chemical Comipounds 
and Consumption of Oxygen 

Chemical compounds (smoke, toxic, corrosive, and 
odorous compounds) are the main contributors to nonther
mal hazard and thus the assessments of their chemical na
tures and generation rates, relative to the airflow rate, are of 
critical importance for the protection of life and property.'I 

In fires, compounds are generated as a result of gasifi
cation and decomposition of the material and burning of the 
species in the gas phase with air in the form of a diffusion 
flame. In general, generation of the fire products and con
sumption of oxygen in diffusion flames occur in two 
zones.1

6

EOUIVALENCE RATIO 

FIg. 3-4.26. Ratio of the vent ilation -controlled to well
ventilated convective heat of combustion versus the equivalence 
ratio. Data are measured in the Flammability Apparatus and in 
the Fire Research Inst it ute's enclosure. ssSubscript wc represents 
ventilation-controlled fires, and subscript wv represents well
ventilated fires.
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1. Reduction Zone: In this zone, the material mielts, decom
poses, gasifies. and/or generates species that react to form 
smoke, CO, hydrocarbons, and other intermediate prod
ucts. Very little oxygen is consumedl in this region. The 
extent of conversion of the material to smoke. CO, hydro
carbons, and other products depends on the chemical 
nature of the material.  

2. Oxidation Zone: In this zone, the reduction zone prod
uicts (smoke, CO. hydrocarbons, and oth~er intermediates) 
react with varying degrees of efficiency with the oxygen 
from air and generate chemical heat and v'arying amounts 
of products of complete combuistio n, such as CO 2 and 
H2 0. The lower the reaction efficiency, the higher the 
amounts of reduction zone products emitted from a fire.  
The reaction efficiency of the reduction zone p~roduicts 
with Oxygen depends on the concent rations of the prod
uicts relative to the oxygen concentration, temperature.  
and mnixing of the products and air. For exampic, in laml
inar diffusion flames, smoke is emitted when the temper
atuire of the oxidation zone falls below about 1300 K.  

The hot ceiling layer in a building fire may be consid
ered in terms of oxidation and reduction zone products. In 
building fires wvith plenty of ventilation, [lie concentrations 
of the reduction zone products are higher in the central 
region of the ceiling layer, whereas the concentrations of the 
oxidation zone products are higher closer to the room open
ing. As the air supply rate or oxygen concentration, available 
to the fire, decreases due to restrictions in the ventilation.  
the ceiling layer expands and starts occupying greater room 
volume with increase in the concentrations of the reduction 
zone products. Under these conditions, large amounts of the 
reduction zone products are released' within the building 
increasing the nonthermal hazard.  

The generation rate of a fire product is directly propor
tinal to the mass loss rate, the proportionality constant 
being defined as the yield of the product 1-4.9-16.33,36-39,42-45 

G7=yjM' (42) 

where G; is the mass generation rate of product j (g/M2 -s).  
and y, is the yield of product j (gig). The total mass of the 
product generated is obtained by the summation of the gen
eration rate 

W, = A Zc(,~~(43) 
where W1 is the total mass of product j generated from the 
flaming and/or nonflaming fire of the material (g), to is the 
time when the sample is exposed to heat (s), and tj is the time 
'when there is no more vapor formation (s). From Equations 
27, 42, and 43, the average value of the yield of product j is 

Y=WI (44) 

The mass consumption rate of oxygen is also directly 
proportional to the mass loss rate 14 .9 -6.3 3.3 6-39.4 2 -45 

Gb=c~h (45) 

where Cb is the mass consumption rate of oxygen (g/M2 -S), 
and co is the mass of oxygen consumpild -per unit mass of 
fuel (gig).  

The mass generation rates of fire products and mass
consumption rate of oxygen are determined by measuring

BLAST GATE & LINEAR 
ACTUATOR CONTROL 

THREE PORTS - 1200 APART, 
ONE - PARTICULATE SAMPLING.  
TWO - PRESSURE MEASUREMENT, 
THREE - CORROSION MEASUREMEN 

TWO PORTS - 1SO* APART.  
ONE &TWO-QPTICAL - r 
TRANSMISSION, MEASUREMENT 

THREE PORTS - 12O0 APART.  
ONE - GAS TEMPERATURE 
MEASUREMENT.  
TWO - PRODUCT SAMPLING.  
THREE - NOT IN USE 

152mm ID TEFLON-COATED- ' 

STAINLESS STEEL DUCT 

VERTICAL SLAB
162mm ID, 260 mm LONG
ALUMINUM EXTENSION 

-162mm ID, 432 mmn LONG _ 

OUARTZ TUBE 
FOUR INFRA-RED HEATERS 

METAL SCREEN PLATFORM 

ALUMINUM CYLINDER 

ALUMINUM AIR 
DISTRIBUTION BOX

LOAD CELL 
UNISTRUT STEEL FRAME 

Fig. 3-4.2 7. Sketch of the Flammability Apparatus showing loco.  
l ions where measurementIs are mode for thme product concentration, 
opt ical transmission, particulate concentration, and corrosion.  

the volume fractions of the products and oxygen and the 
total volumetric or mass flow rate of the fire products-air 
mixture2 .3 36 

t. A - JiWs (46) 

Jb ovpo o Eg (7 
A "'pSAI47 

wherefi is the volume fraction of product jJf0 is the volume 
fraction of oxygen, V is the total volumetric flow rate of the 
fire product-air mixture (m-1Is). *is the total mass flow rate 
of the fire product-air mixture (&ls), pi is the density of prod
uct j at the temperature of the fire product-air mixture 
(g/rm3 ), p. is the density of the hot fire product-air mixture 
(gIM3 ),I PD is the density of oxygen at the temperature. of the 
fire product-air mixture (&inM3), and A is the total area of the 
material burning (in2 ).  

For volume fraction measurements, sampling ducts are 
used where fire products and air are well mixed, such as in 
the Flammability Apparatuses [Figure 3-4.2, parts (a) and (b) 
and 3-4.81 and in the Cone Calorimeter (Figure 3-4.3). Figure 
3-4.27 shows the measurement locations in the sampling 
duct of the Flammability Apparatus. The volume fractions are
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measured by various types of instruments: c.g., in the Flam
mability Apparatuses, they arc measuredl continuously: (1) 
by commercial infrared analyzers for CO and C02; (2) by a 
high-sensitivity commercial paramagnetic analyzer for oxy
gen; (3) by a commercial flame ionization analyzer for the 
mixtu re of low molecular weight gaseous hydrocarbons: and 
(4) by a turbidimeter, designed by'the Flammability Labora
tory,52 for smoke. The turbid imneter measures the optical 
density defined as 

D =(48) 

where D is the optical density (1/mn), 1/1() is the fraction of 
light transmitted through smoke, and e is the optical path 
length (in). The volume fraction of smoke is obtained from 
the following relationshijp52 

flIO (49) 

wheref, is the volume fraction of smoke,X is the wavelength 
of the light source (;.Lm), and 0l is the coefficient of particu
late extinction taken as 7.0.52 In the Flammability Appara
tuses, optical density is measured at wavelengths of 0.4579 
;Lm (blue). 0.6328 t.m (red), and 1.06 tm (11R). In the Cone 
Calorimeter, optical density is measured by using a helium
neon laser with a wavelength of 0.6328 gim (red).  

From Equations 46 and 49 

= Ex10' 6 (pwx)(p- r10(50 

In the Flammability Apparatuses and the Cone Calorimi
eter, the fire products in the sampling duct are diluted about 
20 times and thus the density of air, p,, = 1.2 x 103 g/m3, 
and the density of smoke, p, = 1. 1 x ior, g/m3, as suggested 
in reference 52, are used.  

-11X loX 10~ '~DX 

For blue wavelength of light (x = 0.4579 t±m) 

= 0 .0720(DbucV) =.00x o:(jblucW) (52) 

For red wavelength of light (X =0.6328 t.im) 

G= 0.0994(h ) A 0.0829 x 1-I A (53) 

For infrared wavelength of light (X = 1.06 t.im) 

= 0.1666 ( DiV) 0.1388 x 1 0 _.(Dj~l) (54) 

where Dbjuc. D,, and D01R are the optical d ensities mea
sured at wavelengths of 0.4579, 0.6328, and 1.06 jimn, re
spectively. These optical densities and total mass flow rate 
of' the fire products-air mixture, W. are measured continu
ously in the Flammability Apparatuses and the Cone Calo
rimeter, and A is known.. The generation rates of smoke 
obtained from the optical densities at three wavelengths in

the Flammability Apparatus are averaged. The smoke mass 
generated in the test is also measured continuously in the 
Flammability Apparatus by a commercial smoke mass muon
itoring instrument. The data are used to calculate the mass 
generation rate of smoke. The smoke generation- rates ob
tained from the optical density and smoke mass monitor 
show very good agreement.  

In the Cone Calorimeter, the smoke data are reported in 
terms of the average specific extinction area (m2/kg)' 9 

- _ ~.DjAtj 
_ f (55) 

where:: is the average specific extinction area determined in 
the Cone Calorimeter (m2I/g). Multiplying both sides of Equa
tion 55 by ps, x 10-f/7 and rearranging 

i(p,;X/7) x 10-cl - XA(DX x 10 6 7)pVJAti 

WS= (56) 
f YS 

In the Cone Calorimeter. X = 0.63 28 t.im for red wave
length and using p, = 1.1 x lor gin 3, as suggested in 
reference 52. the average yield of smoke from the average 
specific extinction area determined in the Cone Calorimeter 
can be calculated from the following expression

Ys0.0994 X10T

where.T, is the average yield of smoke (gig).  
The smoking characteristics of a material are also re

ported in terms of moss optical density (MOD)'. 4.16.50 

MOD Qoi(j)~ 1 [ ~ (58) 

From Eqtmaions 42 and 50. with p., =1.1 x: 106 g/m3 

and X 0.6i328t ;Li 

(Dl= x 10 -m /i =00994(MIOD/2.303) (5 g) 
MOD is generally reported with log10, however if it is 

changed to lo&. and m2/kg by multiplying it by 2.303 and 
dividing it by 1000, it becomes the specific extinction area, a 
terminology used in reporting the cone calorimeter data.  

The average data for the yields Of CO, C0 2, mixture of 
gaseous hydrocarbons, and smoke for well-ventilated fires 
are listed in Table 3-4.11.  

EXAMPLE 14: 
For a fiberglass -reinforced material, the following data 

were measured for combustion in normal air at an external 
heat flux value of.50 kW/M2 :

Total mass of the sample lost (8) 
Total mass generated (g) 

CO 
CO 
Hydrocarbons 
Smoke 

Total energy generated (kJ)

229 

0.478 
290 
0.378 
6.31 
3221
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.3-88 DESIGN CALCULATIONS

Calculate the average yields of CO. C02~, hydrocarbons, 
and smoke and the average chemical heat of combustion.  

SOLUTION: 
The average yields are calculated from Equation 44. and 

the average chemical heats of combustion are calculated 
from Equation 29.  

Avcrage yields (g/g) 
Co 0.0021 

CO 1.27 
Hydrcarbons 0.002 
Smoke 0.028 

Average chemical heats of combustion (kj/g) 14.1 

EXAMPLE 15: 

A circular sample of polystyrene, about 0.007 rm2 in area 
and 25 nin in thickness, was burned in normal air in the 
p~resence of external heat flux. In the test, measurements 
were made for the mass loss rate and light obscuration by 
smoke in the sampling duct with an optical path length of 
0. 149 mi. Thc total volumetric flow rate of the mixture of fire 
products and air through the sampling duct was 0.311I m-1Is, 
and the wavelength of light source Used was 0.6328 Rin. At 
the steady-state combustion of polystyrene, the measured .mass loss *rate was 33 g/m2-s with smioke obscuring 83.5 
percent of the light. Calculate the yield of smoke from the 

*data using a value of 1.1 x 10r~g.'nl3 for thle density of smoke.  

SOLUTIO0N: 

Optical density from Equation 48: 

D = l111 /I) = ln1(100/83.5) 12(/m e0.149 11(/n 

Smoke generation rate from Equation 51 

-1.1V D = 1.1 X.311 x 1.21 xO.6328 -5 5gm7xA 7 x0.007=5.5gms 
Smoke yield from Equation 42 

5.3 5g/m 2-s 
y, = my-s- 0. 16 2g/g

Efficiencies of oxygen mass consumption and mass gener
ation of products: A chemical reaction between oxygen 
and a fuel monomer of a material can be expressed as 

F + V0 02 + v'N.N 2 + V1jj1 + 1j2+ vN~N 2  (60) 

where F is the fuel monomer of a material; vo and vN are the 
stoichiometric coefficients for oxygen and nitrogen, respec
tively; and i, and v',are the stoichiomnetric coefficients for 
the maximum possi ~le conversion of the fuel monomer to 
produtcts 11 and 12, respectively.  

The stoichiometric mass oxygen-to-fuel ratio for the 
maximum possible conversion of the fuel monomer is ex
pressed as 

4( O 0( 
1 

where 410~ is the stoichiomnetric mass oxy'gen-to-fuel ratio for 
the maximum possible conversion of the fuel monomer to 
products; Mo is the molecular weight of oxygen (32 g/mole); 
and Mf is the molecular weight of the fuel monomer of the

material (g/mole). which is calculated from its elemental 
composition. For the elemental composition measurements.  
microanalytical techniques are used.  

The stoichionietric yield for the maximum possible con
version of the fuel monomer of the material to a product is 
expressed as 

(6 .'M 62) 
Alf 

where 'i' is the stoichiomnetric yield for the maximum pos
s ible conversion of the fuel monomer of the material to prod
uct j, and M, is the molecular weight of product (glmole).  

The stoichiometric yields for some selected materials.  
calculated from the elemental composition data from the 
flamnmability laboratory, are listed in Table 3-4.13 for fuel 
monomner conversion to CO, C02 , hydrocarbons, smoke, 
HCI, and HF. The stoichiometric yields depend on the num
ber of atomis relative to the carbon atom. The yields provide 
ail insight into the nature of products and their amounts ex
pected to be generated in flaming and nonflamning fires, when 
expressed as the stoichionietric oxygen mass consumption rate 
and stoichionetric mass generation rates of products

Csuc. 'ofil

where Ctoj(:11lO and G ' ',tjh,, are the stoichiometric oxygen 
mass consumption rate and stoichioinetric mass generation 
rate of product j for thc maximum possible conversion of the 
fuel monomer to the product, respectively (g/m2-s).  

In fires, the actual oxygen mass consumption rate and 
the mnass generation rates of products are significantly less 
than the stoichiometric rates. The ratio of the actual oxygen 
mass cnnsumption rate to stoichiometric rates, is thus de
fined as the efficiency of oxygen mnass consumption or prod
uct mass generotion 2-4lfi-i

11 Clualo = C(th =_Co 

110 - 4,[, * 

G;cjuat, .2i~i.1Y 
1Gsm01ch4 'PMn_ Ti

where 110) is efficiency of oxygen mass consumption, and jj is the generation efficiency of product i; subscript represents 
the actual oxygen mass consumption rate or the actual mass 
generation rate of a product.  

EXAMPLE 16: 
A material is made uip of carbon, hydrogen, and oxygen.  

The weight of the material is distributed as follows: 54 percent 
as carbon, 6 percent as hydrogen, and 40 percent as oxygen.  
Calculate the chemical formula of the fuel monomer of the 
material.  

SOLVTION: 
From the atomic weights and the weight percent of the 

atoms, the number of atoms are: carbon (C): 54/12 = 4.5: 
hydrogemn (H): 6/1 = 6.0; and oxygen (0): 40/16 = 2.5. Thus 
the chemical formula of the fuel monomer of the material is 
C4.s1-f 60 02,5 or dividing by 4.5. Cl-1 1330fl sR
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TABLE 3-4.13 Stoichiometric Yields of Major Products* 

Carbon-Hydrogen Atoms in the Structure 
Material Formula To' '11C0z %i'Co %IP, lIC~ ''HCI

PS CH 
Expanded Polystyrene 

GM47 CH 
GM49 OH 
GM51 CH 
GM53 CH 

POM OH 
PMMA CH 
Nylon CH 
Wood (pine) 'CH 
Wood (oak) CH 
Wood (Douglas fir) CH 
Polyester OH 
Epoxy OH 
Polycarbonate CH1 
PET CH1 
Phenolic foam OH 
PAN .OHI 

Flexible Polyurethane Foams 
GM21 CH, 
GM23 CH, 
GM25 CH, 
GM27 CH, 
Rigid Polyurethane Foams 
GM2 9 CH, 
GM31 CH, 
GM37 CH, 
Rigid Polyisocyanurate Foam 
GM41 CH, 
GM43. COc

3.43 
3.43 
3.08

Car 

20 
1.600.40 

1.40 0.22 
I 300.20 

0.80 0040 
1:100.24 

NO33 

I 500. 30N0 05 

p 
0 0. 30N0*08 

100 23N0 10 
.200.22N0 10 

.200.20N 08 

s0 9 0

0.857 
0.857 
0.923

3.10 3.36 2.14 0.916 
3.10 3.36 2.14 0.916 
3.08 3.38 2.15' 0.923 
3.10 3.36 2.14 0.916 

bon-Hydrogen-Oxygen-Nltrogen Atoms in the Structure
1.07 
1.92 
2.61 
1.21 
1.35 
1.32 
2.35 
2.38 
2.26 
1.67 
2.18 
2.87 

2.24 
2.11 

2.16 
2.21 

2.22 
2.28 
2.34 

2.30 
2.25

1.47 
2.20 
2.32 
1.67 
1.74 
1.72 
2.60 
2.67 
2.76 
2.29 
2.60 
2.50 

2.28 
2.17 
2.22 
2.24 

2.42 
2.43 
2.51 

2.50 
2.49

0.933 
1.40 
1.48 

1.06 
1.11 
1.10 
*1.65 
1.70 
1.76 
1.46 
1.65 
1.59 

1.45 
1.38 
1.41 
1.43 

1.54 
1.55 
1.60

0.400 
0.600 
0.634 
0.444 
0.476 
0.469 
01709 
03727 
0.754 
0.625 
0.708 
O.681 

0.622 
0 593 
0.606 
0.612 

0.660 
0.662 
0.685

1.59 0.683 
1.58 0.679

Carbon-Hydrogen-Oxygen-Siicone Atoms in the Structure
Silicone-i't 
Silicone-2t 
Silicone-31 

Fluoropolymers 
PVF (Tedlar'") 
PVF 2 (Kyflar'") 
ETFE (Tefzel'") 
E-OTFE (Halar-) 
PFA (Teflon"-) 
FEP (Teflon") 
TFE (Teflon'") 
CTFE (Kel.F") 

Chloropotymers 
PE-25% 01 
PE-36% Of 
Neoprene 
PE-42% 01 
PE-48% Cl 

PV1 2

OHI.300 2sSiO.18 
OH1.50O.3Si.  
CH300 5S 0O50 '

1.25 
1.09 
0.757

0.537 
0.469 
0 324

Carbon-Hydrogen-Oxygen-Chlorlne-Fluorine Atoms in the Structure

OHF 

OHF0 7S01 0.25 

OF2 
OF 1.5010.50 

OH1 9010.13 
OH3 s~iO.22 
OH1 .25010.25 
CH,.BC1. 29 
OH1 .003 
OHI. 501050 
CHO2

1.74 
1.00 
1.01 
0.889 
0.716 
0.693 
0.640 
0.552 

2.56 
2.16 
1.91 
1.94 
1.73 
1.42 
0.833

1.91 
1.38 
1.38 
1.22 
1.00 
0.952 
0.880 
0.759 

2.38 
2.05 
2.00 
1.84 
1.67 
1.42 
0.917

1.22 
0.875 
0.880 
0.778 
0.630 
0.606 
0.560 
0.483 

1.52 
1.30 
1.27 
1.17 
1.06 
0.903 
0.583

0.522 
0.375 
0.377 
0.333 
0.270 
0.260 
0.240 
0.207 

0.650 
0.558 
0.546 
0.501 
0.456 
0.387 
0.250

0 
0 
0 

0 
0 
0 
0

0.467 
0.680 
0.731 
0.506 
0.543 
0.536 
0.792 
0.806 
0.872 
0.667 
0.773 
0.681 

0.715 
0.682 
0.692 
0.698 

0.72 1 
0.729 
0.753 

0.740 
0.732 

0.595 
0.528 
0.405 

0.587 
0.406 
0.409 
0.361 
0 
0 
0 
0 

0.753 
0.642 
0.602 
0.576 
0.521 
0.436 
0.271

0 
0 
0 
0.257 
0 
0 
0 
0.310 

0.254 
0.368 
0.409 
0.424 
0.493 
0.581 
0.750

0.435 
0.594 
0.622 
0.4 17 
0.765 
0.779 
0.800 
0.517 

0 
0 
0 
0 
0 
0 
0

*CalcLuted from the data for the elemrental ompsi o ft matilals in Owe FM WI flarmabdly 6ioralory. subm"p h is toW gmeous hydrocarbons; 3 is so 
t Tisio 0.483.  

'S3-0.610.  

T131o 0. 11
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P3-90 DESIGN CALCULATIONS

EXAMPLE 17: 

For the material in example 10i, calculate the stoichio
metric mass oxygen-1o-fucel ratio, sloichioinetric mass air-to
fuel ratio, and stoichiornetric yields for maximum possible 
conversion of the fuel monomer of the material to CO, CO,, 
hydrocarbons, water, and smoke. Assume smoke to be pure 
carbon, and hydrocarbons as having the same -carbon atom 
to hydrogen atom raltio as the original fuci monomer.  

SOLUTIfON: 

1 .For stoichiornetric yields of CO2 and water and the stoi
chiometric mass oxygen and air-to-fuel ratio for the max
imum possible conversion of the fuel monomer of the 
material to CO2 and H2,O, the following expression rep
resents the maximum possible conversion of the fuel 
monomer of the material to CO, and H-,O 

ClHI.3.1O.5 + 1.06 0, = C02 + 0. 67 H2 0 

The molecuilar weight of the fuel nionomicr of theimaterial 
is I )( 12 + 1.33 X I + 0.56 x 16 = 22.3. the molecular 
weight of oxygen is 32, the molecular weight ofCO., is 44.  
and the molecular weight of H,O is 18. Thus.  

=co 22.3 1.97, 

t =~ 0.67 x 18 = 0.54, and 

22.3 

The stoichiometric mass air-to-fuel ratio can be obtained 
by dividing 'l's by 0.233; i.e., 1.52/0.233 = 6.52.  

2. For stoichiometric yields of CO, hydrocarbons, and 
smoke for the maximum possible conversion of the fuel 
monomer of the material to these products, the following 
expressions represent the maximum possible conversion 
of the fuel monomer of the material to these products 

For CO 

CH 1.33 00 .56 + Z02 =CO + x(HO), 
"'fCo -. 28 = 1.26; 

22.3 

For hydrocarbons 

CH1.3 30 0 .56 + Z02  CH1 .. + x[HO), 

'+h = 1- 0.60; and 22.3 

For smoke 

CH 1 330 0 5 6 + Z02 = C + X(H) 22.3~ 

EXAMPLE 18: 
For the material in examples 16 and 17, the generation 

efficiencies Of C0 2 , CO. hydrocarbons, and smoke are 0.90, 
0.004,0.002, and 0.036, respectively; the heat of gasification 
is 1.63 kj/g; the surface re-radiation loss is 11 kW/m 2 ; and 
the predicted asymptotic flame heat flu.rvalue for large-scale 
fires is 60 kW/m2 . Calculate the yields and asymptotic val
ues for the generation rates Of CO2 , CO. hydrocarbons, and 
smoke expected in large-scale fires.

SOLUTION: 

1. Yields from Equation 66 and data from example 17 

Yc,=0.90 X 1.97 =1.77 g/g: 
Yo=0.004 X 1.26 =0.005 g/g: 
y,=0.002 x 0.60 =0.00 1 g/,g: and 
Y,=0.036 x 0.54 =0.0 19 g/g.  

2. Asymptotic values for thet muass loss rate from Equatioti 11 

t"=60-11 =3gm
_ 1.63 30gm2 

3. Asynmptotic values for the miass generation rates of prod
ucts from Equation 42 and the above data 

1m =.77 x 30 =53 g/ni.-s; 
G: = 0.005 X 30 0. 159 g/m-s; 
Gr,= 0.001 x 30 0.036 ghm2 -s; anrl 
( - 0.019 x 30 =0.384 g/n12 -s.  

Generation rates of fire products and lire ventilation: As 
discussed previously, the effects of decrease in fire ventila
Iion, as characterized b%- thc increase in the local equiva
lence ratio, are reflected in the increase in the generation 
rates of the reduction zone products (smoke, CO, hydrocar
bons. and others). For example, for flaming wood crib enclo
sure fires, as the equivalence ratio increases, the combustion 
efficiency decreases, flame becomes unstable, and the gen
eration efficiency of CO reaches its peak for the equivalence 
ratio between about 2.5 and 4.0.-' 

The vent ilatlion-cont rolled building fires are generally 
characterized by two layers: (1) a ceiling vitiated layer, iden
tified as "upper layer," and (2) an uncontaminated layer 
below, identified as "lower layer." Incorporation of these 
two layers is the classical two-zone modeling of fires in 
enclosed spaces. Under many conditions, the depth of the u1tpper layer" occupies a significant fraction of the volume of 
the enclosed space. Eventually, the interface between the .upper layer" and the "lower layer" positions itself so that it 
is very close to the floor, very little oxygen is available for 
combustion, and most of the fuel is converted to the reduction 
zone products. i.e., smoke. GO, hydrocarbons, and others.  

The ventilation-controlled large- and small-enclosure and 
laboratory-scale fires and fires in the vitiated "upper layer" 
under the experimental hoods have been studied in detail, and 
are discussed or reviewed in references 36 and 53 through 56.  
The results from these types of fires are very similar. Detailed 
studies36 performed for the generation rates of fire products for 
various fire ventilation conditions in the Flammability Appa
ratus (Figure 3-4.2(a)l, and in the Fire Research Institute's (FRI) 
enclosure, show that with increase in the equivalence ratio: (1) 
generation efficiencies of oxidation zone products, such as 
CO2 , and reactant consumption efficiency (i.e., oxygen) de
crease, and (2) generation efficiencies of the reduction zone 
products, such as smoke, CO. and hydrocarbons increase.  

Generalized correlations have been established be
tween the generation efficiencies and the equivalence ratio 
for the oxidation and reduction zone products. The changes 
in the consumption or generation efficiencies of the prod
ucts are expressed as ratios of the efficiencies for the 
ventilation-control led (vcJ to well-ventilated (wv) fires: 
Reactants (Oxygen) 

- ('i c = (co/W o). _ (c0)v (67 
('10)s. (c&/4')..- (co)m, (
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Fig. 3-4.28. Rlatijo of the mass of oxygen consuined per ufht'niass 
of the fuel for ventfila tion -cun trolled to well-ventilated fires.  
Data are nmcasured in the( Flammability Apparatus and in the 
Fire Rlesearch Institte's enclosure. -r Subscript vc represents 
ventIilationn-controlled fires, and subscript wv represents well
ventilated fires.  

Oxidation Zone Products (Carbon Dioxide. Water, etc.) 

(~ilv _ Y~P~h - LV)v (68) 

where ,xid is the oxidation zone product generation effi
ciency ratio.  

Reduction Zone Products (Smnoke, Carbon Monoxide, Ht'dr
carbons, etc.) 

a-d- ml,~ (Y,/'l',h": (Y,)&v (69) 

where ;,d -is the reduction zoneC product generation effi
ciency ratio.  

.The relationships between the ratios of the mass of ox
ygen consumed per unit mass of fuel, the yields of the prod
ucts for the venti lation-cont rolled to well-ventilated Fires.  
and the equivalence ratio are shown. in. Figures 3-4.28 
through 3-4.32. The ratios for oxygen and COZ (an oxidation 
zone product) do not depend on the chemical structures of 
the materials; whereas the ratios for the reduction zone prod
ucts do depend on the chemical structures of the materials.  
Oxygen and C02: 'The relationships for oxygen consumed 
and carbon dioxide generated are shown in Figures 3-4.28 
and 3-4.29, respectively.' The relationships are very similar 
to the relationships for the chemical and convective heats of 
combustion ratios (Equations 40 and 41). as expected

Fig. 3-4. 29. Rlatio of the mass of carbon dioxide generated per 
unit mass ofthefuclfor ventilat ion-controlled to ivcll-ventilated 
fires. Data are measured in the Flanimability Apparatus and in 
the Fire flesearch Institute's enclosure. 3'Sub'script vc represents 
ventilation-cont rolled fires, and subscript -v represents well
ventilated fires.  

fires and the equivalence ratio is shown in Figure 3-4.30.  
The data suggest the following relationship 36, 

(Ycobiv - + a (2 (Yco)~. - exp(2.5'F) (72) 
where a and t are the correlation coefficients, which depend 
on the chemical structures of the materials. The values for 
the correlation coefficients for CO are listed in Table 3-4.14.

vco')~ W. 1.00 (1 
(Yw)wv ex p(4)/215) 1 2 (1 

Carbon Monoxide: The relationship b etween the ratio of 
the CO yields for ventilation-control led to well-ventilated

*Fig. 3-4.30. Ratio of the mass of carbon monoxide generated per 
uni msof the fuelfor ventilation-controlled to el-ventlated 

fires. Data are measured in the Flammability Apparatus and in 
the Fire Research Institute's enclosure.36 Subscript vc represents 
ventilation-cent rolled fires, and subscript wy represents well
ventilated fires.
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Fig. 3-4.31. Ratio of the mass of hydrocarbons generated per 
unit mass of the fuelfor ventilation-controlled to &s~ell-ventilatcd 
fires. Dota ore measured in the Flamnmability Apparatus and in 
the Fire Research Inst it ute's onclosure.3 1 Subscript vc represents 
ventilation -cantrailed fires, and subscript %-v represents wellI
ventilated fires.  

The increase in the ratio of the carbon monoxide yields 
for the venti la tion -controlled to well-ventilated fires with 
the equivalence ratio is due to the preferential conversion of 
the fuel carbon atoms to CO. The experimental data show 
the following order for the preferential conversio 'n: wood 
(C-H-O aliphatic structure) > PMMA (C-H-O aliphatic 
structure) > nylon (C-H-a-N aliphatic structure) > PE 
(C-H aliphatic linear unsaturated structure) > PP (C-H al
iphatic branched unsaturated Structure) > PS (C-H aro

3.0 y/Y 
2.8- + Wood 
2.8 0 PMMA 

2.60 PE 

2.4- PS 
_2.2 - , ;+o 

U'+ 

2.0 

1.6-+ 

1.2 

1.0L+646

TABLE 3-4.14 Correlation Coefficients. to Account tar 
the Effects of Ventilation on the Genera
tion Rates of CO, Hydrocarbons, 
and Smoke

CO Hydrocarbons Smoke 

Material a a 

PS 2 2.5 25 1.8 2.8 1.3 
pp 10 2.8 220 2.5 .2.2 1.0 
PE 26 2.8 220 2.5 2.2 1.0 
Nylon 36 3.0 1200 3.2 1.7 0.8 
PMMA 43 3.2 1800 3.5 1.6 0.6 
Wood 44 3.5 200 1.9 2.5 1.2 

matic structure). A similar trend is found for the liquiid and 
gaiseous fuels, such 'as shown in Table 3-4.1 5.' The pres
ence of 0 5nd N atoms in the fuels with aliphatic C-H struc
tire appears to enhance preferential fuel carbon atomi con
version to CO.  
Hi-droca-bons: The relationship between the ratio of the 
hydrocarbon yields for ventilation-controlled to well
vent ilated fires and the equivalence ratio is shown in Figure 
3-4.31. The data suggest the following relationship36 

I(Yhc)vc =+ Ia(3 
(Yhc),,v exp(5.04) (3 

The correlation coefficient values for hydrocarbons are 
listed in Table 3-4.14. The numerator in the second term on 
the right-hand side of Equation 73 is 10 to 40 times that of 
CO, whereas the denominator is twice that for CO. This 
suggests that there is a significantly higher preferential fuel 
conversion to hydrocarbons than to CO, with increase in the 
equivalence ratio. The order for the preferential fuel conver
sion to hydrocarbons is very similar to CO, except for wood; 
i.e.. PMMA > nylon > PE = PP > wood > PS. The excep
tion for wood may be due to char-forming tendency of the 
fuel, which lowers the C to H- ratio in the gas phase.  
Smoke: The relationship between the ra tio of the smoke 
yields for ventilation -controlled to well-ventilated fires and 
the equivalence ratio is shown in Figure 3-4.32. The data 
suggest the following relationship36 

TABLE3-4.15 Carbon Monoxide Generation Efficiency 
tar Ventilation-Controlled and Well
Ventilated Combustion* 

Ventflation-Coritrolled (vc) 
Well-Ventilated 04.0

10,
EQUIVALENCE RATIO

Fig. 3-4.32. Ratio of the mass of smoke generated per unit mass 
of the fuel for ventilation-controlled to well-ventilated fires.  
Data are measured in the Flammabilityo'Apparatus and in the 
Fire Research Institute's enclosure."6 Subscript vc represents 
ventilation-controlled fires, and subscript wv represents well
ventilated fires.

(Wv) (co)vc 
Fuel 4) < 0.05 Ref. 54 Rel. 57 (Yco).  

Methane 0.001 0.10 - 100 
Propane 0.001 - 0.12 120 
Propylene 0.004 0.10 - 25 
Hexane 0.002 0.10 0.52t 50 (260$) 
Methanol 0.001 0.27 1.00? 270 (10001) 
Ethaneal 0.001 0.18 0.66t 180 (660?) 
Isopropanol 0.002 0.21 - . 105 
Acetone 0.002 0.21 0.63? 105 (315$) 

'Table takn from reference 36.  
tFfrom Flammabilty, Apparatus.  
3Nonfaiang.
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Fig. 3-4.33. Gepwerrion effldevnry of products other ILhan CO.  
CO,. hydra carboni, and smoakt verstiv rhe equIvalance ratio

+ t (74) 
(Yswv expI12 5 C.  

The correlation coefficient values forqinoke are listed in 
Table 3-4.14. Thae values of the correlation coefficients in the 
second term on the right-hand s;Ae of.Equoflon 74 suggest 
that, with the incae in the equivalence ratio, the prefer
ential fuel conversion to smoke is lower thtan it is to hydro
carbons and CO, Also, the order for the preferential conver
sion of the fuel carbon atomn to smoke is apposite to the order 
for the conversion toCGO and byd rocerbons. oxcepi for wood.  
The order is: PS > wood > PE = PP?> nylon > -PMA, 
suggesting that the order is probaRbly d tie to dlecrease i the 
preference for the reactions between OH and CO compared 
to the reactions between. OH end soot

Other fed iiaon Zone Prvduacs Since the sum of the gen
eration efficiencies of all the products for a mnaterial cannot.

EQUIVALENCE RATK) 

Fij4 3-4.34L Goneratieno efficiency of foirmaldehyde generatod 
from wood vcrsus the equivekncc ratio.

EQUIVALENCE RATIO

Fig. 3-iL3& Generotion efficiencties of hydrqtgaa cyanide and ni
Lragehy dioxide 3cn crated from nylon veivus the equlvaloncc 

exceed tinity, the generation afficioncy of products other 

than( CO C02' hydrocarbons. and smoke is 

najo =I (1100 + ncoQ + *n1k + 'ni (75 

where 11loicr is the generation efficiency of products other 
than CO, GO2, hydrocarbons, anti smoke. The geniera (ion 
efficiency of other pioducts con be calculated from Equa
tions 71 through 75 using correlationi coefficients ffrm'rable 
3-4.14. The generation efficiency values for other products 
calcula ted in this fashion far various equivalence ratios are 
shown in Figure 3-4.33. The figure shows that, for equive
leacs ratios greeter Lhen 4, where fires are nonflaming, about 
l0to 80 percent of Fuel carbon is convented to products other 
than CO, CO~, eoc, and hydrocarbons.  

The order for the preferential conversion of fuel car.  
ban to other products in the nonflaming zone is: PS [C-H 
aromatic structure] <C PE & PP (C-H4 aliphatic structure) 
c wood (C-H-O aliphatic structure) <nfylon (C-H-O-N 
aliphatic structure) < PiviMA (C-H-a aliphatIc struc
tune). It thuts oppears that, in nonflamning fire, fuels with 
C-H structures are convented miainly to CC. smoke, antd 
hydrocarbons. rather than to other products, whereas fu
els with C-H-O and C-H-O-N structures are converted 
mainly to products other than CO, CO2, smoke, and by
tocarbons. Somen of the products include formaldehyde 
[H-CHOJ And hydrogen cyanide fiCN)A5f 
Generoriori fFciencies of Formaldehyde, Hydrogen Cya
nide, and Nitrogen Dioidde: The experimental data for the 
generation offiinacies of formialdehyde. hydrogen cyanide.  
end nitrfogen dioxide versus the equivalence -ratio are shown 
in Figures 3-4.34 and 3-4.35.  

Fotmealde'hyde is generated in the pyrolysis of wood 
(C-H-C structure). it is aluacked rapidly by wcygeni (0) and 
hydroxyl (OH) radicals in the flame, if unlimited supply of 
oxygen is available. Thns, only traces of formaldehyde are 
fotmod in well-ventilated fires. The generation efficiency of 
fonnaldeltyde, however, increases with-the equivalence ra
tio, indicating reduced concentrations of 0 and OH radicals

3-93
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CO2 GENERATION EFFICIENCY 

Fig. 3-4.36. Relationship between the generation efficiencies of 
C0 2 and CO. Data token from reference 36.  

and gas temperature due to lack of oxygen available for 
comIlbust ion.  

In Fires, hydrogen cyanide is formed in the reduction 
*zone from materials with hydrogen and nitrogein atomis'in 

the structure, such as nylon (C-H-a-N structure). Nitrogen 
dioxide (NO2). on the other hand, is formed in the oxidation 
zone, as a result of the oxidation of hydrogen cyanide. The 
data in Figure 3-4:35 show that the generation efficiency of 
hydrogen cyanide increases and the generation efficiency of 
NO 2 decreases with the equivalence ratio. This observation 
supports that 0 and OH radical concentrations decrease 
with increase in the equivalence ratio. The decrease in the, generation efficiency of hydrogen cyanide in the nonflaming 
fire suggests decrease in the fuel mass transfer rate. ,.  
Relationship Between the Generation Efficiencies of CO 2 and 
GO: The relationship between the generation efficiencies 
Of CO2 and CO is shown in Figure 3-4.36, where the data are 
taken from reference 36. CO is generated in the reduction 
zone of the flame as a result of the oxidative pyrolysis of the 
fuel, and is oxidized to CO 2 in the oxidation zone of the 
flame. The generation efficiency Of CO2 is independent of the chemical structure of the fuel (Figure 3-4.29). whereas the 
generation efficiency of CO depends on the chemical structure 
of the fuel (Figure 3-4310). In Figure 3-4.36, the curves represent approximate predictions based on the correlation coef
ficients from Table 3-4.14 and Equations 71 and 72.  

The relationship between the generation efficiencies of 
CO 2 and CO is quite complex. The boundary of the shaded 
region marked "air" in Figure 3-4.36 is drawn using the data 
for the well-ventilated combustion for equivalence ratios 
less than 0.05. The boundary of the "air" region may be 
considered as equivalent to the lower flammability limit. No 
flaming combustion is expected to occur in this region, as gfhe fuel-air mixture is below the lower flammability limit; 

Wowever. nonflaming combustion, generally identified as 
moldering, may continue. The boundary of the shaded region marked "fuel" is drawn using the data for the ventilation-controlled combustion for pquivalence ratio of 4.0, and may be considered as equivalent to the uipper flam

mability limit. In the "fuel" region, no flaming combustion is 
expected to occu r, as the fuel -air mixture is above the tipper

flammability limit; however. nonflaming processes may 
continue'. Thc shaded region marked "chemical structure," 
and drawn to the right of the methanol curve, is an imagi
nary region as it is not expected to exist, because there are no 
stable carbon-containing fuel structures below the formal
dehyde with) a structure of H-CH-O. For the stable fuels with 
C-H--a structures,, formaldehyde (HCHO) and methanol 
(CF-I 10H) have the, lowest mn'olecular weights (30 and '2, 
respectively); thus, data for HCHO and CH30H probably 
would be comparable.  

The curves in Figure 3-4.36 show that, in flaming comn
bustion. with increase in the equivalence ratio, the prefer
enice for fuel carbon atom conversion to CO, relative to the conversion to CO 2. follows the order: methanol (C-H-a 
structure) > ethanol (C-H-a structure) > wood (C-H-a 
structure) > PMMA (C-H-a structure) > nylon (C-H-a-N 
structure) >.PP (C-H aliphatic unsaturated branched struc
ture) 2- (CH4,'C.aHri, C3 1-8, CGH 14) 2! PE (C-H aliphatic 
unsaturated linear structure) > PS (C-H aromnatic unsatur
ated structure). Thus for fires in enclosed spaces, generation 
of hiigher amounts of CO relative to CO2 at high local equ iv
alence ratios is expected for fuels with C-H-a structures 
compared to the fuels with C-H structures. The reason for 
higher amounts of CO relative to CO2 for fuels with C-H-a 
structures is that CO is easily generated in fuel pyrolysis, but 
is oxidized only partially to CO-2 due to limited amounts of.  
oxidant available.  
Relationship Between the Generation Efficiencies of CO and 
Smoke: The relationship between the generation efficien
cies of CO and smoke is shown in Figure 3-4.37. where data 
are taken from reference 36. CO and smoke are both generated in the reduction zone of the flame as a result of the 
oxidative p~yrolysis of the fuel, and their generation efficien
cies depend on the chemical structure of the fuel (Figures 
3-4.30 and 3-4.32). In Figure 3-4.37, the curves represent 
approximate predictions based on the correlation coeffi
cients from Table 3-4.14 and Equations 72 and 74.  

The relationship in Figure 3-4.37 is quite complicated.  
The boundary of the shaded region marked "air" is drawn 
using the data for the well-veratilated combustion for equiv
alence ratios less than 0.05. The boundary of the shaded

10-1 10-2 .. o-'r too, 
CO GENERATION EFFICIENCY 

Fig. 3-4.37. Relationship bet ween, the generation efficiencies of 
CO and smoke. Data taken from reference 36.
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region marked 'trial" is drawn using the data fur the 
vimtilation-controlled combtstion tar equivalean ratio of 
4.0. The boundary far the region maorked "air" may be con
sidered as equivalent to theiJowerlaimbilily limit, and the 
boundary for the region markted "fuel" may be considered as 
equivalent to the upper flammability l imit.  

In Figure 3-4,37, the order for the preference for fuel 
carbon atom con~versionl to smoke relative to conveersion to 
CC0 is, wood (C-H-a SItrU er) < PMMA (C-H-O structure) 
< nylon (C-H-C-N structure) < PP (C-Hi aliphatic unsat
urated branched structure] - PE (C-Fl aliphatic u-nsaturated 
linear structure) < PS (C-H aroma tic Strulcture). The gener
ation efficiency of smoke for 'IS, which is a polymner with 
aromaitic C-H structure, is the highest; and the generation 
efficiency cxi smoke for wood, which is a polymer WitLh alti
phatic C-fl-C structure, is the lowest.  

Generalized Relationships to Calculate 
Chemnical, Convective, and Radiative Heats 
of Combustion and Yields of Products 
at Variouts Equivalence Ratios 

The following relationship is the 8enoralizod formn of 
Equations 40. 41, and 70 through 74 

§ p = + f4{trn- (76) 

where fo, is the fire property; a, %P, and t are the correlat ion 
coefficients characteristic of the cherracel ktructures of the 
polymers, and subscript cc represents infinite amoitmt of air; 
fr determined under turbulent flamre conditions is a con
stant for each polymer. The fire properties are heat of com
bustion (or connbustion efficiency) and yictls (or generation 
efficiencies) of products. Three conditions, can be Identified: 
(1) for$ 411 X-,fp = fp4. + at),(2) for E1ll 40 f.; and 
(3) 0 = ,fp .- fp4.I +- clZ. 7). Thus, the parameter a is 
associated primarily with the magnitude of the fire proper
ties in nanfleming fires (high 4' values). T1he par-meter f is 
associated with the tire properties in the transition region b e
tween the fires with an infinite'samount of air and the fires with 
a vP.Ty resricted am'rouint of air. The partmmoter t is essccititecl 
with the range oft43 values for [ie transitioia region. A high 
value oftnc is indicative of a strongoaffect of ventilation on the 
fire and its properties and vice verso. Igh values of Pi and k 
are indicative of rapid cthange of fire from flaming to non
flamning by a sial] change in the equivalenice ratio, such U5 
for the highly fire-retarded or halogenated materials for 
which flamning combustion in normal air itself is unstable.  

Chemical heakt of CombhueLion vaivus equivalence ratio for 
the noxihalogenated polymers: Fromn Equation ,76 

A~rh A~cin~i exp(0/2.15V12 (77 

Thevolues ciAHa, for several polyrsr arc Listed in 'able 

Chemical heat of combustion versuis equivalence ratio for 
the balogenated polymers (polyvinylch)orie): 

, 4Hh4 exp[C5f.53P'l(8

As can be noted frvm the terms inside the brackets in Equa-' 
dions 77 and 78. theeffect ofiveotitatton on the chemical heat 
of combustion is much stranger for PVC than it is for the 
iionbalcganated polymers. The effect for PVC ccvwe at 0I t 
0J.4, Which is sigruficand~y lower than 4b z- 2.0 found for the 
nanhalogeneted polymers. 23c,' 8 Far PVC bomopolymer, the 
flaming combustion changes to nonifaning combustion for 
0'b? 0.70, which is also significantly lower than 41 4.0 
found far the nonha.Iogenated polymers. This is consistent 
with the higly halogeniated nature Of PVC and its mode of 
decompositioo. Trhe decomposition of PVC is cbaracterizcd 
by the relea se of MCI. which is intiated at temnperatures as 
law as about I0(rC At temperatures of up to abouL 200 to 
zitC, HCU is tho major effluent. Presence of oxygen in the 

air enhances MCi release. The, gneration of MCI from PVC 
leads to the formation of double bonds and release of various 
aroznetic/unsaturated hydrocarbons (benzan, ethylene, 
propylene, butylene. etc.).  

Convective heals of combustion versus equivalence ratio 
for the vrhalogenated polymers: Fromt Equation 7C, 

- ~a xp413V2.1] [7S) 

The values of AFcI,. for several polymers are listed in: 
Table 3-4.11.  

Radiative heas of combustion versus equivalence ratio 
for the nonhalogenatad polymers: Radiative hoeots of comn
bustion are obtLained from the difference between the chem
icel antd the convective heats of combustion 

=im -&1c Aflg, (BD) 

Consumption of oxygen for the nonhialagenated polymers: 
rom Equati on 7 6 

CC) cco o~ 1 x~l/.4~2 (81) 

Yield of carbon dioxide for the nunhalogenated polymers: 
From Equation 7r! 

Yco~ J'cc, = -exp(0/2.51~2 182) 

Ycozva Valuesq are listed in Table 3 -4. 11.  

Yield of carbon dioxide for the haloienoted polymners 
(PVC) From Equation 78 

From the terms inside the birkets in E~quations S2and. 83, a 
stronger effect of ventilation on the yield of C02 for PVC 
then for the nonhalogsrlated polymers can be noted. yyo a 

Values are listed in Table .3-4.11, 

Yields of carbon monoxide, hydrocarbons, and smola for 
the noinhalogenu lad pelymors: Prom Equation76 

Polystyrenle 

YCO =Ycrta x(.144 2 1(4
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Yhc =Ytlt.-[ + ex(F2 5JIJ 

y~ =y~ + exp((D/2.02)- I
ysY s.X

(86)

TheYMY . ,Yht: . , and y... valu tes a re is ted i n Ta ble 3 -4. 11, 
Polyethylene ond Polypropylene 

Yco = YO.41 +exp(dF/1.39) 

[ Y(: Y:, +exp((F/1.90l -2.51 (88) 

Ys =y,.+ + ex(F2.50 - (89) 

They' co. .Yh y 'at. ,and Y. values are listed in Table 3-.11.  
Polyinetliylmethocrylate 

)'co YCOzf + 4x(F13 2 (90 

Yhc =Ylic,.4 + 1x(F/.80~ (91) 

y~ y* f +exp((/4.61) -'60] (92) 

The yCo. Yhc:.=, andy.N. values are listed in Table 3-4.11.  

Wood 

Yco = YCO. +f[ 44 -x(@i3-5 j(93) 
Yhc = Y~.=[1 +exp((F/2.3 3) -1. 1 (94 

y~ ft +exp(0)/2.15 - 1(95 
TheyC00.. .Ymc.=, andy, 0 . values are listed in Table 3-4.11.  
Nylon 

Yco = yC0.~[ + x((/36 1 (96)

+ 0.3 
exp((P/0.42l "

(1001 

(1011Ys =~.0 i +exp(4)/2.02) 1.1j

Fromt the above relationships for PVC, for 0.40 - '1) 
1.0, the maximum CO and smoke yields reach abokut G0 
percent of thc stoichiometric "yields, listed in Table 3-4.13.  
["or nonlialo-cn.ited polymers,. the maximum CO and smoke 
v'ields reach :5 30 percent of the stoichiomctric yields for 
4) - 2.0. Polystyrene is the only tiolynier. within the above 
group of polymers, for which the smoke yield exceeds that of 
PVC. These trends suggest that CO and smoke are generated, 
Much easier from PVC than from tlie nonthalogenated poly
mers, possibly due to the formation of double bonds, as HCI 
is eliminated at temperatures as low as 100CC from the PVC 
structure, and formation of various compounds occurs withi 
aroniatImc/ulsat urated bonds.  

For the non-halogenated polymers considered with (F 2! 
4.0, the CO yield is lowest and the smoke yield is highest for 
polystyrene, an aromatic ring-containing polymer; wvhereas.  
for pofyimethyl nehacrylate. an aliphatic carbon-hydrogen
oxygeni-atomn-containing polymer, the CO yield is highest 
and smoke yield is lowest. This suggests that aromatic ring 
structure promotes smoke formation, whereas the strong C-0 
bond in the structure remains intact as ventilation is reduced.  

EXAMPLE 19: 

Following example 13, calculate the yields of CO and 
smoke at equivalence ratios of 1, 2, and 3 for polystyrene, 
polyethyvlene, wood, and nylon using Equations 84 and 86, 
87 and 89, 93. and 95. and 96 and 98, respectively.  

SOL UTION: 

Yield (g/g) 

4 L 0=1.0 4)= 2.0 4)= 3.0 

Material CO Smoke CO Smoke CO Smoke CO Smoke 
Polystyrone 0.060 0. 1641 0.070 0.202 0.137 0.331 0.162 0.417 P,6y- 0.024 0.060 0.043 0.071 0.191 0.098 0.238 0.117 

elhvtene 
Wood 0.00,4 0.015 0.018 0.018 0.145 0.028 0.171 0.034 Nvlon 0.038 0.075 0.149 0.086 1.04 0.105 1.28 0 120

=h Yhc.0.[ + 1200/i65 -32] (97) 

+exp((/314)O 198 
They~0 0 . Yhc. ~,andy.. values are listed in Table 3-4.11.  .Yields of Carbon Monoxide, Hydrocarbons, 
and Smoke for the Halogenatedi 
Polymers (Polyvinyichioride) 

From Equation 76 

Yco = YCO.[ 1 + 6x((/.52 ~ (99)

PREDICTION OF FIRE PROPERTIES 
USING SMOKE POINT 

Smoke emission characteristics of fuels have been ex
pressed for decades by smoke point, defined as a minimum 
laminar axisymmetric diffusion flame height (or fuel volu
metric or mass flow rate) at which smoke just escapes from 
the flame tip. 383-5.7 Smoke point values have been mea
sured for numerous gases. liquids, and solids. 38.39 59 41 

.Almost all the knowledge on smoke formation, oxida
tion. aild emission firom diffusion flames is based on the 
combustion of fuels containing carbon and hydrogen atoms 
(hydrocarbons). 61. 4 0 On the basis of the chemical struc
ture, hydrocarbons are divided into two main cl asses: (1) ali
phatic and (2) aromatic; fuels containing both aliphatic an 'd 
aromatic units are known as arenes. Aiphatic'fuels have 
open-chain structure. and aromatic fuel structures consist of
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benzene rings

I I Ito 50 percent of the visible flame length as the soot COncen-o- ~tration increases. Flame luminosity and smoke emission in 
-o-- xconthe plume dlepenid on overall soot production and oxidation.  

_______ F lames cmit soot when soot temperature in the oxidation 
___ PMA Xad 1 zone falls below 1300 K. The soot temiperature decreas 

downstream because of radliation losses a nd diffusion of 
_______l fresh cold air, both of which quench soot oxidation. At 

FPentane high soot concentrations, flamie cm issivity approaches 
unity, and flame luiminosity becomes independent of the 
amount of soot.  

Smoke point, carbon -to-hydrogen ratio. aromaticity, 
and flame temperature have bcen suggested as useful param
eters to assess rel ative smoke emission characteristics of 
fuels in laminar diffusion Ilamies. 38.39,511-64 The soot

- A- -Aforming tendency of fuels is inversely proportional to smoke 
point. General t -rends observed for smoke points for hydro

I I - carbon fuels in lam-inar diffusion flames are: aromatics < 
0.05 0.10 0.15 0.20 0.25 alkynies < alkenes < alkanes. Smoke point values have been 

SMOKEPOINT(m)'cdrrelated with flame radiation, combustion efficiency and 
SMOKEPOIN (mlits convective and radiative components, and generation 

efficiencies of products."-: lq-r 4 Figures 3-4.38 through lationships between the combust ion efficiency 3-4.40 show the relationships between the smoke point 
ive nd adiaivecomonens, nd te soke and the combustion efficiency and its convective and raec measured in the Flammability Apparatus, and diative components, and generation efficiencies of CO and rences 38 and 39. sinoke. The data were measured in the Flammability Appara

tus [Figure 3-4.2(afl, and reported in references 38 and 39. The 
-Aliphatic hydrocarbons are divided into following relationships have been found from the data38 39

ttree tamilies: (1) alkanes (C,,H 211+ 2 ). where n is an integer: 
the suffix "ane" indicates a single bond; (2) alkenes (CnH 2,i); 
the suffix "ene" indicates a double bond, and "diene" two 
double bonds between carbon-carbon atoms; and (3) alkynes 

(2H,- 2): the suffix "yne" indicates a triple bond. The inte
ger n can vary from one in a gas, such as methane, to several 
thousands in solid polymers, such as polyethylene. In cyclic 
aliphatic fuels, carbon atoms are also arranged as rings. Dienes 
are classified as: (1) conjugated -double bonds alternate with sin
gle bonds. (2) isolated -double bonds separated by more than 
one single bond, and (3) allens-double bonds with no sepa
ration. Conjugated dienes are more stable than other dienes.  

Solid carbon particles present in smoke are defined as 
soot."""" Soot is generally formed in the fuel-rich regions of 
the flame and grows in size through gas-solid reactions, fol
lowed by oxidation (burnout) to produce gaseous products, 
such as CO and C02. Time that is available for soot formation 
in the flame is a few milliseconds. Soot particle inception oc
curs from the fuel molecule via oxidation and/or pyrolysis 
products, which typically includes unsaturated hydrocarbons, 
especially acetylene, polyacetylenes. and polyaromatic hydro
carbons (PAM). Acetylene. polyacetylenes. and PAM are rela
tively stable with respect to decomposition. Acetylene and 
PAH are often considered the most likely precursors for soot 
formation in flames. PAH have the same role in diffusion 
flames for both aliphatic and aromatic fuels. In all flames.  
irrespective of the fuel, initial detection of soot particles 
takes place on the centerline when a temperature of 1350 K 
is encountered. Thus, even though the extent of conversion of 
a fuiel into soot may significantly change from fuel to fuel, a 
common mechanism of soot formation is suggeted.  

Soot production in the flame depends on the chemical 
structure, concentration, and temperature of the fuel, flame 
temperature, pressure, and oxygen concentration. 1 .6-6 9 

The diffusion-control led flamnedrnds when fuel and oxidant are 
in stoichiometric ratio on the flame axis. The flame is followed 
by a soot after-burning zone, which is partially chemically 
controlled. The soot oxidation zone increases from about 10

Xi, = 1.15L0'00 
Sp (102)

where X~ is the combustion efficiency (-), and L5P is the 
smoke point (in) as measured in the Flammability Apparatus.

X~d= 0.41 - 0. 85L,;p (103)

where X,od is the radiative component of the combustion 
efficiency i - ). This correlation is very similar to the one 
reported in the literature.6 '2 

0.050 ~ lII 1I~ 

=-(0.0086 In (L.) + 0.01311 

>_0.040

U 

uLL 0.030 

0 
~0.020 

W 

0 E O 0.010 

0.000 
1o-3  10-2 10-1 100 

SMOKE POINT (in) 

Fig. 3-4.39. Relationships between the CO geeration efficiency 
and the smoke point. Data were measured in the Flammability 
Apparatus, and reported in references 38 and 39.
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1-'i s -0-05151_ InL). 70

WP

EthanoI7l

i;3 10.2 10.1 
SMOKE POINT (in)

Fig. 3-4.40. Relationships between the smoke generat ion effl
cicnct' and the smioke point. Data wcre measured in the Flamnma
bility. Apparatuis, and reported in referenices 38 and 39.  

X o c - Imd (104) 

*whlere XC,n is the convective component of the coinbust ion 

71(C) = [0.0086 ln(L%,,j) + 0.01311 (105) 

where Tl:( is the generation efficiency of CO () 

-9, = - 10.0515 ln(L,,) + 0.07001 (106) 

w here -TI, is the generation efficiency of smoke() 
The highest value of LP that has been mneasured is 

0.240 m for ethane. Although methane and methanol would be 
expected to have smoke points higher than 0.240 m, they have 
not been measured experimentally. Since the combustion effi
ciency cannot exceed unity, and the generation efficiencies of 
CO and smoke cannot be negative, the relationships in Equa
tions 102 through 106 are valid for 0 > S ! 0.240 m.  

Smoke point decreases with increase in the molecular 
weight. The smoke point values for monomers and poly
mers. however, show different types of dependencies: (1] the 
smoke point values for ethylene and polyethylene are 0 '097 
and 0.045 in. respectively; (2) the smoke point values for 
prop~ylene and polypropylene are 0.030 a'nd 0.050 m, respec
tively'; and (3) the smoke point values for styrene and poly
styrene are 0.006 and 0.015 in, respectively. The smoke 
point data for polymers su~port the accepted vaporization 
mechanisms of polymers;7 i.e., polyethylene, polypropy
lene. and polystyrene vaporize as higher molecular weight 
oligoiners rather than as monomers, and thus their smoke 
point values are different than the values for the monomers.  
The smoke point values suggest that polyethylene is expected 

*to have higher smoke emission than ethylene, whereas poly
propylene and polystyrene are expected to have lower smoke 
emissions than propylene and styrene.  

The correlations show that emissions of CO and smoke 
are very sensitive to changes in the #smoke point values 
compared to combustion efficiency and its convective and 
radiative components. This is expected from the under
standing of the relationship between the smoke point and

chemical structures of fuels. For example, a decrease of 33 
percent in thc smoke point value of 0.15 in to 0.10 m pro
duces a decrease of 4 and 12 percent in the combustion 
efficiency and its convective component. respectively, and 
an increase of 14 percent in the radiative component of thc 
comnbustion efficiency: however. thc generation efficiencies 
of CO and smokc increase by 89 and 67 percent. respectively.  

Equaltions I w2 through 106 can be Used to estimate thc 
fire properties of oases, liquids, and solids1 from their smoke 
point Values. The smoke point values, however, dependi 
strongly on thie apparatus and cannot be used as reported.  
One of the approaches is to establish correlations between 
tile smoke point1 values measured in different apparatuses 
and a single apparatus for which relationiships such as given 
in Equations 102 through 106 are available. This type of 
approach has been described in references 38 and 39 for the 
Flammability Apparatus, where smoke point values for 165 
fuiels, reported hi the literature. were translated to the valueCs 
for the Flammability Apparatus. The fire properties (chemi
ical, convective, and radiative heats of combustion and yields 
of CO and snioke) estimated in this fashion, from Equations 
102 through 106, are listed in Tables 3-4.16 throug-h 3-4.18. In 
the tables, molecular formula and weighit. stoichiometric mass 
air-to-fuiel ratio, and net heat of complete combustion have also 
been tabulated. The estimated data in- the tables have been 
validated bit direct measurements in the smiall- and large-scale 
fires using several fuel S.38 .39 

The data in Tables 3-4.16 through 3-4.18 show linear 
dependencies onl the molecular weight of the fuel monomer 
within each group . 8 .19

= -M 

Y= +j

(107) 

(108)

where AiHj is the net heat of complete combustion or chem
ical, convective, or radiative heat of combustion (kJ/g); .,is 
the yield of product j (gig): M is the molecular weight of fuel 
monomer (glmole); hi is the mass coefficient for the heat of 
combustion (kJ/g); mi is the molar coeffcient for the heat of 
combustion (kj/imole); oj is the mass coefficient for the prod
uIct yield (gig); and bi is the molar coefficient for the product 
yield (glmole). The coefficients depend on the chemical 
structures of the fuel- mi and bi become negative with the 
introduction of oxygen, nitrogen, and sulfur atoms into the 
chemical structure. Relationships in Equations 107 and 108 
suipport the suggestion69 that generally smaller molecules offer 
greater resistance to smoke formation and emission. The rela
tionships suggest that for gases. liquids, and solids gasifying as 
high molecular weight fuels. AH, hi and yJ oi.  The variations of chemical, convective, and radiative 
heats of combustion and yields of CO and smoke with the 
chemical structures of the'fuels are similar to the smoke 
point variations.  

EXAMPLE 20: 

The following smoke point values have beena reported in 
the literature:

Polymer PE PP 
Smoke point (mn) 0.045 0.050

PMMA PS 
0-105 0.015

For well-ventilated conditions, estimate: (1) the chemical, con
vective, and radiative heats of combustion using Equations
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TABLE 3-4.16 Combustion Properties of FuelIt with Carbon and Hydrogen Atoms in the Chemical Structure 

MHeat ol Combustion (kJ/g) Yield (gig) 
Hydrocarbon Formula (glmole,) S AHT AH1h A~j .1Hd CO Smoke 

Normal Alkanes 
Ethane CAH 30 16.0 47.1 45.7 34.1 11.6 0.001 0.013 
n-Propane C3 H8  44 15.6 46.0 43.7 '31.2 12.5 0.005 0.024 n-Butane C4H10  58 15.4 45.4 42.6 29.6 13.0 0.007 0.029 
n-Pentane C5H%2  72 15.3 45.0 42.0 28.7 13.3 0.008 0.033 
n-Hexane C6H, 4  86 15.2 44.8 41.5 28.1 13.5 0.009 0.035 
n-Heptane C7Hi 6  100 15.1 44.6 41.2 27.6 13.6 0.010 0.037 
n-Octane C8H18  114 15.1 44.5 41.0 27.3 13.7 0.010 0.038 
n-Nonane C9H,0 128 15.0 44.4 40.8 27.0 13.8 0.011 0.039 
n-Oecane ClOH22 142 15.0 44.3 40.7 26.8 13.9 0.011 0.040 
n-Undecane CIIH 24  156 15.0 44.3 40.5 26.6 13.9 0.011 0.040 
n-Oodecane C12H26 170 14.9 442 40.4 26.4 14.0, 0.011 0.041 
n-Tridecane C13H29 184 14.9 44.2 40.3 26.3 14.0' 0.012 0.041 
n-Tetradecane C14H30 198 14.9 44.1' 40.3 26.2 14.1 0.012 0 042 
Hexadecane C16H34 226 14.9 44.1 40.1 26.0 14.1 .0.012 0.042 

Branched Alkanes 
Methyibulane C5H12  72 15.3 45.0 40.9 27.2 13.8 0.012 0.042 
Dimethylbutane C6H14  86 15.2 44.8 40.3 26.3 14.0 0.014 0.046 
Methylpentane C6H14  86 15.2 44.8 40.3 26.3 14.0 0.014 0046 
Dimethylpentane C7H16  100 15.1 44.6 39.9 25.7 14.1 0.015 0.049 
Methyihexane C 7H, 6  100 15.1 44.6 39.9 25.7 14.1 0.015 0.049 
Trimethylpentane C81118  114 15.1 44.5 39.6 25.3 14.3 0.016 0.052 Methylethylpentane C8H18  114 15.1 44.5 39.6 25.3 14.3 0.016 0.052 Ethyihexane COH 18  114 15.1 44.5 39.6 25.3 14.3 0.016 0.052 
Dimethyihexane C8 1118  114 15.1 44.5 39.6 25.3 14.3 0.016 0.052 Methylheptane .CqH16  114 15.1 44.5 39.6 25.3 14.3 0.016 0.052 

Cyclic Alkanes 
cyclo-Pentane C5H10  70 14.7 44.3 39.2 24.1 15.1 0.018 0.055 Methylcyclopentane C6H12  84 14.7 43.8 38.2 23.0 15.2 0.019 0.061.  
Cyclohexane C6H, 2  84 14.7 43.8 38.2 23.0 15.2 0.019 0.061 Methylcyclohexane C7H, 4  98 14.7 43.4 37.5 22.3 15.2 0.021 0.066 
Ethylcyclohexane C6H16  112 14.7 43.2 36.9 21.7 15.3 0.021 0.069 Dimethylcyclohexane CBH 16  112 14.7 43.2 36.9 21.7 15.3 0.021 0.069 Cyclooctane COHIG 112 14.7 43.2 36.9 21.7 15.3 0.021 0.069 Decalin C,0 11 138 14.4 42.8 36.2 20.9 15.3 0.023 0.073 Bicyclohexyl C 12H22 166 14.5 42.6 35.7 20.4 15.3 0.023 0.076 
Alkenes 
Ethylene C2H4  28 14.7 48.0 41.5 27.3 14.2 0.013 0.043 Propylene CA1i 42 14.7 46.4 40.5 25.6 14.9 0.017 0.095 Butylene C4H6  56 14.7 45.6 40.0 24.8 15.2 0.019 0.067 
Pentene CSH 10  70 14.7 45.2 39.7 24.2 15.4 0.020 0.065 Hexene CSH 12  84 14.7 44.9 39.4 23.9 15.5 0.021 0.064 
Heptene CyHj4  98 14.7 44.6 39.3 23.7 15.6 0.021 0.063 Octene COH 16  112 14.7 44.5 39.2 23.5 15.7 0.022 0.062 Nonene CoHle 126 14.7 44.3 39.1 23.3 15.8 0.022 0.062 Decene ClOH20 140 14.7 44.2 39.0 23.2 15.8 0.022 0.061 Dodecene C12H24  168 14.7 44.1. 38.9 23.1 15.9 0.023 0.061 Tridecene C13H26 182 14.7 44.0 38.9 23.0 15.9 0.023 0.061 Tetradecene C14H20 196 14.7 44.0 38.8 22.9 15.9 0.023 0.060 Headecene CIGH32 224 14.7 43.9 38.8 22.8 16.0 0.023 0.060 Octadecene CIIIH3 252 14.7 43.8 38.7 22.8 16.0 0.023 0.060 Polyethylene (C2H4)n 601 14.7 43.6 36.8 20.6 16.2 0.027 0.077 Polypropylene PH 720 14.7 43.4 37.0 21.1 15.9 0.025 0.072 
Cyclic Aikenes 
Cyclohexene CGH1 0  82 14.2 43.0 35.7 20.2 15.5 0.029 0.085 Methylcyclohexene C7H 12  96 14.3. 43.1 35.8 19.8 16.0 0.029 0.085 Pinene C, 0 1 * 136 14.1 36.0 33.5 18.9 14.6 0.039 0.114
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TABLE 3-4.16 Combustion Properties of Fuels with Carbon and Hydrogen Atoms in the Chemical Structure (Continued) 

Heat of Combustion (kJ/g) Yield (g.g) 
PA_ 

_ __ _ _ Hydrocarbon Formula (g/mole) S AHT r H, AHrad co Smoke
Alkynes -nd Butadiene 
Acetyter 
Heptyne 
Octyne 
Decyne 
Dodecyne 
1, 3-Butadiene 

Arenes 
Benzene 
Toluene 
Styrene 
Ethytbenzene 
Xylene 
Indene 
Propytbenzene 
Trimethylbenzene 
Cumene 
Naphthalene 
Tetralin 
Butytbenzene 
Diethylbenzene 

Methylinaphthalene 
Pentytbenzene 
DimetJhytnaphtthalene 
Cycloheqybenzene 
Diisopropylbenzene 
Triethybenzene 
Trnylbenzene 
Polystyrene

C2H2 
C7H12 

C10H18 
C12112 

C"H 
C7H~8 
CH8 

C81110 

C9H12 

C9H 12 

C10H8 

ClOH14 

ClOH14 

C11H18 

C12H12 

O ,2HIG 
C, 2H,8 

(C8H8),,

36.7 
36.0 
35.9 
35.9 
35.9 
33.6 

27.6 
27.7 
27.8 
27.8 
27 8 
27.9 
27.9 
27.9 
27.9 
27.9 
27.9 
27.9 
27.9 
27.9 
28.0 
28.0 
28.0 
28.0 
28.0 
28.0 
28.2 
29.6

18.0 
17.1 
17.1 
17.0 
17.0 
118.2 

16.5 
16.5 
16.6 
16.6 
16.6 
16.6 
16.6 
16.6 
16.6 
16.6 
16.6 
16.6 
16.6 
16.6 
16.6 

.16.6 
16.6 
16.6 
16.6 
16.6 
16.6

15.6 0.050

0.042 
0.036 
0.036 
0.035 
0.035 
0.048 

0.067 
0.066 
0.065 
0.065 
0.065 
0.065 
0.065 
0.065 
0.065 
0.065 
0.064 
0.064 
0.064 
0.064 
0.064 
0.064 
0.064 
0.064 
0.064 
0.064 
0.063

0.096 
0.094 
0.094 
0.094 
0.094 
0.125 

0.181 
0.178 
0.17 
0.177 
0.177 
0.176 
0.175 

0.175 
0.175 
0.175 
0.174 
0.174 
0.174 
0.174 
0.173 
0.173 
0.173 
.0.173 
0.173 

0.169 
0.135

102 through 104 and data for the net heat of complete comi
bustion from Table 3-4.11: and (2) yields of CO and smoke 
Using Equations 105 and 106 and stoichiometric yields from 
Table 3-4.13.  

SQLLMTON: 

(1) From Equations 102 through 104 and Table 3-4.11

PE 
43.6 
36.8 
20.6 
16.2

PP PMMA 
43.4 25.2 
37.0 23.1 
21.1 15.0 
15.9 8.1

(2) From Equations 105 and 107 and Table 3-4.13

PE 
2.00 
0.857 
0.027 
0.077

PP PMMA 
2.00- 1.40 
0.857 0.600 
0.025 0.009 
0.072 0.028

PS 
39.2 
29.6 
14.0 
15.6 

PS 
2.15 
0.923 
0.050 
0.135

NONTHERMAL DAMAGE 
DUE TO FIRE PRO6UCTS 

Damage due to heat is defined as thermal damage, and 
damage due to smoke, toxic, and corrosive products is defined

as nontherinal damage. I Nonthermal damage depends on 
the chemical nature and deposition of products on the walls, 
ceilings. building furnishings, equipment. components, etc., 
and the environmental conditions. The severity of the nonther
mal damage increases with time. Examples of nonthermnal 
damage to property are: corrosion, electrical malfunctions. dis
coloration. odors. etc.  

Most commercial 'and industrial occupancies are sus
ceptible to nonthernial lire damage. Examples of typical 
commercial and industrial occupancies are telephone cen
tral offices, computer rooms, power plant control rooms,' 
sp~ace satellites in operaton, under construction or in storage, department and grocery stores, hotels, restaurants, various manufacturing facilities, and transportation vehicles 
such as aircraft, ships, trains, and buses.  

For this chapter, the subject of corrosion for commercial 
and industrial occupancies has been reviewed based on the 
knowledge derived from the telephone central office (TCO) 
experience for the deposition of atmospheric pollutants and 
fire prodlucts on equipment, severity of corrosion damage, 
and ease of cleaning the equipment.76-7 Galvanized zinc or 
zinc-chromated finishes represent a major portion of the 
structural components of the TCO equipment as well as the 
H VAC ductwork, 7-7 Unfortunately all zinc surfaces are sen
sitive to corrosion attack by corrosive products. For example, 
on exposure to HCI gas, zinc forms zinc chloride, which is very.  
hygroscopic and picks uip moisture from air with relative hu
midity as low as 10 percent to form electrically conductive

Polymer 
_AHT (kJ/g) 
AH,:h (kJ/g) 
AH 0. (kJ/g) 
-AH~ad (kJ/g)

Polymer 
"'co 
'I,; 

c (g/) Y,(g/g)
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TABLE 3-4.17 Combustion Properties of Fuels with Carbon, Hydrogen, and Oxygen Atoms in the Chemical Structure

Hydrocarbon 

Aliphatic Esters 
Ethyl formate 
n-Propyl formate 
n-Butyl formate 
Methyl acetate 
Ethyl acetate 
n-Propyl acetate 
n-Butyl acetate 
Isobutyl acetate 
Amyl acetate 
Cyclohexyl acetate 
Octyt acetate 
Ethyl aceloacetate 
Methyl propionate 
Ethyl propionate 
n-Butyl propionate 
Isobutyt propionate 
Amyl propionate 
Methyl butyrate 
Ethyl butyrate 
Propyl butyrate 
n-Butyl butyrate 
Isobutyl butyrate 
Ethyl laurate 
Ethyl oxalate 
Ethyl malonate 
Ethyl lactate 
Butyl lactate 
Amyl lactate 
Ethyl carbonate 

Aliphatic Alcohols 
Methyl alcohol 
Ethyl alcohol 
n-Propyl alcohol 
Isopropyt alcohol 
n-Butyl alcohol 
Isobutyl alcohol 
Sec butyl alcohol 
Ter butyl alcohol 
n-Aniyl alcohol 
Isobutyl carbinol 
Sec butyl carbinol 
Methyipropyl carbinol 
Dimethylethyl carbinol 
n-Hexyl alcohol 
Dimethylbutyt alcohol 
Ethylbutyl alcohol 
Ally alcohol 
Cyclohexanol 

Aliphatic Ketones 
Acetone 
Methyl ethyl ketone 
Cyclohexanone 
Di-acetone alcohol

Formula

C3H602 
CH 802 
CSH 1002 
C3H602 
CHa0 2 
C5H1002 
C6H1202 
C6H1202 
C7H 1402 
C8H1402 
C10H20O 
C6H, 003 
C4H802 
C5H1002 

C7H 1402 
COH 1602 
C5H1002 
C6H1202 
C7HI402 
CIIH 1602 
COH1602 
C14 H280 
C4H601 
CH 604 
C5 H1003 
C7H1403 
COH 1603 
CSH 1003 

CH0O 
C2HO0 
C3H80 
C3HS0 
C4H 100 
C4H1 0O 
C4H100 
C4H,00 
C5H, 20 
CSH120 
CsH 120 
C5H' 20 
CsH 12O 
C6H14O 
C6H'.0 
C6H14O 
C3H60 
C6H, 2O 

CAH4 
C4H 8O 
C6H100 
-CH1202

Other Aliphatic Fuels 
Monoethyl ether C4HI 002 Monoethylether acetate CeH 1203 Monoethylether diacetate C H, 004 
Glycerol triacetate CHj 406

M 
(gimole)

74 
88 

102 
74 
88 

102 
116 
116 
130.  
142 
172 
130 
88 

102 
130 
130 
144 
102 
116 
130 
144 
144 
228 
102 
132 
118 
146 
160 
118 

32 
46 
60 
60 
74 
74 
74 
74 
88 
88 
B8 
88 
88 

102 
102 
102 
58 

100 

58 
72 
98 

116 

90 
132 
146 
218

Heat ot Combustion (kJ/gl

S AHr AHch AHCOn

6.5 20.2 
7.8 23.9 
8.8 26.6 
6.5 20.2 
7.8 23.9 
8.8 26.6 
9.5 28.7 
9.5 28.7 

10.0 30.3 
10.2 31.5 
11.2 33.6 
7.4 30.3 
7.8 23.9 
8.8 26.6 

10.0 30.3 
10.0 30.3 
10.5 . 31.6 
8.8 26 
9.5 28.7 

10.0 30.3 
10.5 31.6 
10.5 31 6 
12.0 37.2 

6.1 287 
7.7 32.2 
7.0 30.8 
8.5 33.3 
9.0 34.3 
7.0 30.8 

6.4 20.0 
9.0 27.7 

10.3 31.8 
10.3 31.8 
11.1 34.4 
11.1 34.4 
11.1 34.4 
11.1 34.4 
11.7 36.2 
11.7. 36.2 
11.7 36.2 
11.7 36.2 
11.7 36.2 
12.1 37.4 
12.1 37.4 
12.1 37.4 
9.5 31.4 

11.7 37.3 

9.5 29.7 
10.5 32.7 
11.2 35.9 
9.5 37.3 

8.4 26.7 
7.8 32.2 
6.1 33.3

Other Aromatic Fuels 
Benzaldehyde C7H60 106 10.4 32.4 21.2 81 13.2 0.062 0.166 Benzyl alcohol C,HO0 108 10.8 32.6 22.9 9.8 1. .5 .3 Cr0liaidCHOO 136 9.1 34.0 25.1 11.6 13.5 0.039 017 Ety ezot , 10 2  109.6 34.5 27.4 14.1 13.3 0.030 .0.084 Phenylbutyl ketone CIIH140 162 11.9 34.8 26.3 12.6 13.7 0.041 .0.115

19.9 
23.4 
26.0 
19.9 
23.4 
26.0 
28.0 
28.0 
29.5 
30.6 
32.6 
29.5 
23.4 
26.0 
29.5 
29.5 
30.8 
26.0 
28.0 
29.5 
30.8 
30.8 
35.6 
27.7 
31.0 
29.6 
32.0 
32.9 
29.6 

19.1 
25.6 
29.0 
29.0 
31.2 
31.2 
31.2 
31.2 
32.7 
32.7 
32.7 
32.7 
32.7 
33.7 
33.7 
33.7 
28.6 
33.6 

27.9 
30.6 
33.7 
35.0 

25.8 
31.0 
32.0

13.5 
15.4 
16.7 
13.5 
15.4 
16.7 
17.8 
17.8 
18-6 
19.1 
20.2 
18.6 
154 
16.7 
18.6 
18.6 
19.2 
16.7 
17.8 
18.6 
192 
19.2 
26.5 
21.3 
23.4 
22 5 
24.1 
24.7 
22.5 

16.1 
19.0 
20.6 
20.6 
21.6 
21.6 
21.6 
21.6 
22.2 
22.2 
22.2 
22.2 
22.2 
22.7 
22.7 
22.7 
20.4 
22.6 

20.3 
22.1 
24.1 
24.9

Yield (gig)

AH, CO Smoken

6.3 
8.0 
9.3 
6.3 
8.0 
9.3 

10.2 
10.2 
11.0 
11.5 
12.5 
11.0 

8.0 
9.3 

11.0 
11.0 
11.6 
9.3 

10.2 
11.0 
11.6 
11.6 
9.1 
6.4 
7.5 
7.1 
7.9 
8.2 
7.1 

3.0 
6.5 
8.5 
8.5 
9.6 
9.6 
9.6 
9.6 

10.4 
10.4 
10.4 
10.4 
1 0.4 
11.0 
11.0 
11.0 
8.2 

11.0 

7.6 
8.6 
9.6 

10.1

20.0 
23.2 
24.2 
26.3

0.003 
0.005 
0.007 
0.003 
0.005 
0.0rA7 
0.008 
0.008 
0.009 
0.010 
0.012 
0.009 
0.005 
0.007 
0.009 
0.009 
0.0 10 
0.007 
0.008 
0.009 
0.0 10 
0.010 
0.008 
0.00i1 
0.003 
0.001 
0.004 
0.005 
0.001 

0.00 1 
0.001 
0.003 
0.003 
0.004 
0.004 
0.004 
0.004 

0.005 
0.005 
0.005 
0.005 
0.006 
0.006 
0.006 
0.003 
0.005 

0.003 
0.004 
0.005 
0.006 

0.001 
0.001 
0.001

0.007 
0.011 
0.009

0.011 
0.0 19 
0.025 
0.011 
0.019 
0.025 
0.029 
0.029 
*0.033 
0.035 
0.039 
0.033 
0.0 19 
0.025 
0.033 
0.033 
0.035 
0.025 
0.029 
0.033 
0.035 
0.035 
0.03 1 
0.003 
0.015 
0.010 
0.018 
0.021 
0.010 

0.001 
0.008 
0.015 
0.015 
0.019 
0.019 
0.019 
0.019 
0.022 
0.022 
0.022 
0.022 
0.022 
0.024 
0.024 
0.024 
0.014 
0.024 

0.014 
0.018 
0.023 
0.026
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* 3-102 DESIGN CALCULATIONS 

TABLE 3-4.18 Combustion Properties of Fuels with Carbon, Hydrogen, 
Nitrogen, and Sulfur Atoms in the Chemical Structure 

Heat of Combustion (kJ/g) Yield (gig) 
M 

Hydrocarbon Formula (g/mole) S AH r AHc, Alfcn AH~ad CO Smoke

Alipha tic Fuels with Carbon. Hydrogen, and Nitrogen 
Diethylamine C4H11N 73 
n-Butylamine C41-11 N 73 
sec-Butylamine C4H11N 73 
Triethylamine C6H,5N 101 
Di-n-butylamine C8H19N 129 
Tri-n-bulylamine C12H27N 185 

Aromatic Fuels with Carbon, Hydrogen, and Nitrogen 
Pyridine C5H5N 79 
Aniline C6HN 93 
'Picoline C6HN 93 
Toluidine C7H9N 107 
Dimethyianiline C8H11 N 121 
Quinoline C9H,N 129 
Quinaldine C10H9N 143 
Butylaniline ClOH 15N 149 

Aliphatic Fuels with Carbon, Hydrogen, and Sulfur 
Hexyt mercaptan C6H14S 118 
Heptyl mercaptan C7H 16S 132 
Decyl mercaptan ClOH22S 174 

* Dodecyl mercaptan C12H26S 202 
Hexyl sulfide C12H26S 202 
4eptyl sulfide' C14113S .. 230 
Octyl sulfide C16H34S 258 
Decyl stilfidle C20H1 2S 314 

Aromatic Fuels with Carbon, Hydrogen, and Sulfur 
Thiophene C4H4S 84 
Methyithiophene C5H6S 98 
Thiophenof C6H6S 110 
Thbocesol C7H 6S 124 
Cresolmethyl sulfide C8H,1S 15

21.3 
21.3 
21.3 
22.0 
22.4 
22.9

32.2 
33.8 
33.8 
34.9 
35.7 
36.1 
36.7 
37.0 

33.0 
33.7 
34.9 
35.5 
35.5 
35.9 
36.3 
36.8 

31.9 
33.2 
34.1 
34.9 
36.2

0J.012 
0.0 12 
0.012 
0 014 
0.0 14 
0.015 

0.037 
0.043 
0.043 
0.048 
0.05 1 
0.052 
0.055 
0.056 

0.012 
0.013 
0.0 16 
0.017 
0.0 17 
0.0 18 
0.019 
0.020 

0.03 1 
0.039 
0.045 
0.050 
0.058

0.039 
0.039 
0.044 
0.047 
0.04 9 

0.104 
0.119 
0.119 
0.130 
0.139 
0.143 
0.149 
0.15 1 

0.040 
0.044 
0.051 
0.054 
0.054 
0.057 
0.059 
0.061 

0.086 
0.107 
0.122 
0.135 
0.155

.liquidl zinc chloride Solution. The solution f'lows on the 
surfaces, drips down or runs onto equipment, resulting in 
very serious electrical shorting problems. In two maior TCO 
losses, zinc chloride played a key role in both the rate of 
restoration as well as the ability to salvage equipment.  

In TCO fires involving PVC-based cables, contamina
tion levels in the range of about 5 to 900 microgram/cm 2 

have been observed .7 7-79 in general. an electronic switch 
would be expected to accumulate zinc chloride levels in the 
range of about 5 to 9 microgram/cm 2 from the interaction 
with the environment over its expected lifetime of 20 +

years. Clean equipment is expected to have less than about 
2 microgram/cin2 of chloride contamination, whereas con
taminated equipment can have as high as 900 miicrogram/cm 2.  
Thus, equipment contamination levels and ease of restora
tion have been classified into four levels.77-' 9 as listed in 
Table 3-4.19.  

Corrosion 
Corrosion is defined as an unwanted chemical reaction 

and/or destruction or deterioration of a material because of

TABLE 3-4.19 Contamination Levels for the Surface Deposition of Chloride tons for Electronic Equipment* 

Chloride Ion 
(microgram/cm2) Level Damage/Cleaning/Restoration 

2 One No damage expected. No dleaning and restoration required.  
< 30 TWO Equipment can be easily restored to service by cleaning, with little impact on long-term reliability.  

30 to 90 Three Equipment can also be restored to service by cleaning, as long as no unusual corrosion problems 
arise. and the environment Is strictly controlled soon after the fire.  

>90o Four The et~sciveness of cleaning the equipment dwindles, and the cost of cleaning quicdy approaches 
the replacement cost. Equipment contaminated with high chloride levels may require severe environ
mental controls even after cleaning. In order to provide potentially long-term reliable operation.  

*Data taken from reference 77.



4J%. A 11 e. 1' d I -ii .~u :Ju; 14 0195 one/drive2/ifi/94 08 - 1lspfe/chap,.03 - 04

GENEIIATriON OF HEAT
AND CI-IENI [CAL CONIPOUNI)S IN FIRES 3-103

Soo,
I I I

Ann~ L_z 
0 

aE 300 
0 E 
z 0 
0 00 
0 

-J 
X Inn~

0 200 400 600 800 
TIME (sec)

Fig. 3-4.4 1. Deposition of H Cl on wet and dry cellulosic filter 
pa per during the pyrolysis of PVC at an external heat flux of 20 
kW/m2 under co-airflow with 10 percent of oxygen concentration 
in the FhzmmabilityApparot us. Flow velocity,0.09 mls with filter 
paper of right angle to the flow. Data used in figure are taken 
from reference. 81.  

react ion with its environment. Factors that are considered to 
be important for the extent of corrosion damage are: (1) oxygen, 
(2) nature and concentrations of the fire products. (3) rela
tive humidity, (4) temperature. (5) nature of the target and its 
orientation relative to the flow of the fire products-air mix
ture, (6) flow velocity of the fire products-air mixture, (7) pres
ence of extinguishing agents, (8) techniques used for clean
ing the exposed surface and their implemientation time after 
the fire, and others.  

Most of the knowledge on corrosion damage has been 
based on air polluttion. e.g.. due to acid rain. Acid deposition 
is generally described as "acid ran" Rain usually in
cludes all forms of precipitation (rain, snow, sleet, hail, etc.).  
Acid deposition is a broader term and includes the uptake of gases by surfaces, impact of fog, and settling of dust and 
small particles.80 Precipitation is one of the principal re
moval mnechanisms by which the atmosphere cleanses itself.  
Acids in rain precipitation result mainly from sulfuric, ni
tric, and hydrochloric acids, either absorbed directly into 
precipitation or formed in the aqueous phase from precursor 
compounds.  

In general, all forms of pollution deposition not involv
ing precipitation are referred to as dry, including dew and 
fog processes.80 With the exception of nitric acid vapors, 
most gases do not readily deposit on dry, inert surfaces.  
However, if the gas is soluble in water, the presence of a 
liquid film (resulting from condensation, for example) will 
generally accelerate dry deposition. In these cases, the 
amount deposited on the surfaces will depend not only on 
the concentration of the pollutant, but also on the relative.  
frequency of encountering a wet surface.  

Data in Figure 3-4.41, taken from reference 81. show 
that the deposition of H-CI on wet filter paper is almost four 
times as high as the deposition on dry paper, in agreement 
with reference 80. HCI was generated by exposing PVC to an 
external heat flux of 20 kW/m2 in an inert environment in 
the Flammability Apparatus. The chloride ion deposition is

I

Dcorr = Lin

where Dcurr is metal corrosion (penetration depth or metal 
loss in microns, angstroms, mils); t is the exposure time 
(minutes, days); c is the concentration of the corrosive prod
uct (gum '); and ii, m. and nm are empirical constants. The 
constant t± may be definied as a corrosion parameter charac
teristic of the corrosive nature of the product. The constant 
n is a function of the corrosion resistance characteristics of 
the film at the surface. When the film on the surface protects 
the surface and inhibits further corrosion by diffusion, n = 
I/O0 When the film is penmeable to corrosive gases and 
offers no protection. n = On1( 

For short-term exposure of metal surfaces to aqueous 
solutions of corrosive fire products, n = 1, and from Equa
tion 109

Rap,., = tLC"'

where Rvorr is corrosion rate (Almin).  
For long-term exposure of metal surfaces to aqueous 

solutions of corrosive fire products, as a protective layer of 
corrosion byproducts is formed at the surface, n =V.and 
from Equation 109

11/2r

showing that corrosion rate decreases with time.  
Figure 3-4.42 shows a plot of the corrosion rateof a mild 

steel probe exposed to aqueous solutions of hydrochloric 
and nitric acid of varying concentrations for 24 hrs. The data used in the figure are taken from reference 81. No protective 
layer is formed for 24 hrs, and thus Equation 110o is followed.  
From linear regression analysis, L = 2.08 (A/min)(g/M3) - 1 
and m = 1/2. This relationship suggests that the corrosion

(111)

ANDCliE,\IICALCONII'OUNI)SINFIREs 3-103

high in thc initial stages and deccreases with time, which is 
consistent with [lie decomposition mechanism of PVC. The 
decomposition of PVC is characterized by the release of HCI, 
which is initiated at a temperature as low as about 100'C. At 
a tenmperature of tip to about 200 to 220*C, HCI is the major 
effluent. Presence of oxygcnt in thc air enhances HCI release.  
The O-encration of HCI from PVC leads to the formation of 
double bonds and release of CO and various aromaticjunsat
ttrated hydrocarbons (benzenen, toluene. ethylene, propy
lene, butylcne, etc). The iulds of some of th~ese products 
from thc combu1Astion and pyrolysis of PVC are listed in Table 
3-4.20. taken from reference 82.  

Deposition of HCl on walls of enclosures has also been 
quantified in larger-scale firc tests. For example, in the fire 
tests with PVC floor covering performed in a 2.8- x 2.8- X 
2.4-in-high uinventilated room, about 50 percent of the orig
inal chloride ions in PVC were deposited on the walls.83 

With the exception of vinyl filmi (wallpaper) and super-gloss 
Lenamel paint on polyethylene, the chloride ion deposition on 
all other surfaces was in the range of 30 to 90 microgram/cm 2.  
The differences in the chloride ion deposition on various 
materials on the wall appear to be related to hydrophilic (water attracting) and hydrophobic (waterrpln;ntr 
of the surfaces, i.e., filter paper is hydrophilic and vinyl film 
is hydrophobic, in agreement with reference 80. This depo
sition corresponds to the third level of contamination for 
TCOs. (See Table 3-4.19.) 

The corrosion damage in Fires follows the basic corro
sion relationship

0

(109)

(110)
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O3-104 D)ESIGN CALCULATIONS

TABLE 3-4.20 Yield of CO, HC1 Benzene, and Toluene from the Combustioin/Pyrolysls of Polyvinylchlorlde* 

Yield (gig) 
Combustible' Air/merl CO H-CI Benzene Toluene

Rigid PVC sheet (49.3% CI) 

Rigid PVC-i 

Rigid PVC-2 
PVC resin 
PVC homopolymer-1 
PVC homnopolymer-2 
PVC homopolymer-3 
PVC homopolymer-4 

PVC + Plasticizer 
PVC (33% Cl) + dioctylphihalate (67%) 
PVC (31% Cl) + tricresylphosphate 

PVC + Plasticizer + Acid Neutralizer 
PVC (%) + dioctylphthalate (%) +. K2C0 3 M% 
42.4 + 42.4 + 15.2 
38.2 + 38.2 + 23.6 
32.5 + 32.5 + 35.0 

OPVC (%) + dioctylphthalate (%) +- CaC 3 M% 
45.5 + 45.5 + 9.0 

* 1i.7 + 41.7 + 16.0 
35.7 + 35.7 + 28.6 

Electrical Cables 
PVC jacket 
FR PVC insulation 
Insulation (51% PVC + 49% Plasticizer + additives) 
Insulation (57% PVC + 43% Plasticizer + additives) 
PVC cable 

General Products 
Floor tile (33% PVC + 70% CaCO 3 + inert) 
PVC-nylon brattice cloth 
PVC-nylon fabric 
FR PVC-nylon product 
FR PVC

0.356 

0.422 
0.413 
0.299 
0.429 

0.275 
0.248

axr 

air 
air 
air 
air 

air 
air 
air 
air 
air

0.067 
0.090 

0.031

0.480 
0.479 
0.555 
0.472 
0.513 
0.486 
0.583 
0.584 
0.500 
0.580 

0.269 
0.269 

0.171 
0.111 
0.029 

0.221 
0.171 
0.117

0.277-0.408 
0.204-0.285 
0.273 
0.333 
0.263 

0.073 
0.174 
0.254 
0.2066

0.300

0.022 
0.022 
0.058 
0.044 

0.048 
0.03 1 
0.036 
0.029 
0.043

0.002 
0.001 
0 08 
0.004 

0.001 
0.001 
0.001 
0.001 
0.004

0.010 
0.0 11 
0.033

0.001 
0.001 
0.001

0.001 
0.048 0.001 
0.051 0.001 
0.025 0.001 
0.020 0.001

*From reference 82.  t FR-fire retarded. KZC0 3-potassium cartonate: CaCO 3-cabiurn carbonam

rate does not increase rapidly with the concentration of the 
corrosive products. For example, if the concentration of the 
corrosive product is increased ten times, the corrosion rate 
would increase only by a factor of three.  

For corrosion in the gas phase, the presence of water is 
essential or the volume fraction of water Pe 0. The expert
mental data for corrosion in the gas phase suggest that m = 
I in Equation 110, which can be expressed in the following 
modified form 

ho I±ycorrfllhA (112) 

.,here y, is the yield of the corrosive product (gig). fit' is 
the mass loss rate of the material (&/m2-s), A is the total 
exposed surface area of the material (M 

2
), fk'ot., is the vol

time fraction of water generated in the combustion of the 
material and present in the humid air, and V' is the total 
volumetric flow rate of fire product-air mixture (m11s). All

the terms in Equation 112 can be measure(], and thus the 
corrosion parameter. g,. can be calculated for the generalized 
application of the corrosion data.  
Corrosion measurements: For corrosion measurements, 
fire products are generated in small-scale tests and the cor
rosion is measured by exposing metal probes to the products 
in the gas phase at various relative humidities or in the aqueous 
solutions of the products. The common tests methods are: 
1.- The Flammability Apparatus test method [Figures 3-4.2(a).  

3-4.2(b), and 3-4.27];' -. 1.41-14 
2. The Cone Calorimeter test method (Figure 3 -4 .3 ).81-88 
3. the Radiant Combustion/Exposure test method;87*89 
4. The CNET (Centre National d'Etudes des Telecommuni

cations) corrosion test method -87.go-gi 
5. The DIN 57472 test niethod;87 .92 and 
6. The DIN 53436 with metal sheets and CNET corrosion 

probe test method. 93
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GENERATION OF H-EAT AND CHEMI[CAL COMPOUNDS IN FIRES 3-105

C'orrosion Measurements in tie Gas Phase: The measure
menits are made in the Flammability Apparatus, the Cone 
Calorimeter, the CNET. and the Radiant Cotnbustion/Expo
sure test methods. For the measurements, either high
sensitivity Rohrback Cosasco (RC) atmospheric metal corro
sion probes or CNET mnctal corrosion probes are used.  

The RC corrosion probes are manuitfactu red by a vacuum 
deposition technique to obtain an openi matrix with little 
resistance to in-depth diffusion of products, resulting in 
rapid corrosion. It is designed to montitor short-term corro
sion (16 to 24 hrs) for environments with small concentra
tio ns of corrosive products. The RC probe consists of two 
metal strips (5.000 to 90,000 A), embedded in an epoxv
fiberglass plate. One metal strip is coated and acts as a 
reference, and the other noncoated metal strip acts as a 
sensor. As the sensor strip corrodes and loses its thickness, 
its resistance changes. The change in resistance, which rep
resents the extent of corrosion of thc mietal, is 'Measured as a 
function of time, by the difference in the resistance between 
the two strips. The probe readings remrain reliable up to 
about half the thickness of the metal strip (probes are iden
tified as 2500 to 45.000 A probes).  

The CNET probe consists of an epoxy-fiberglass plate 
embedded with about 170.000 A thick copper conductors.  
The change in the resistance of the probe is recorded at the 
beginning and at the end of the test to determine the extent 
of corrosion.  

The corrosion in the gas phase is measured during the 
tests every minute and every hour after the test for 16 to 24 
hrs. The corrosion rate is calculated as a function of time, 
using the following type of relationship 

D, - D,.  

where hl, is the corrosion rate in Aimin. D,,, is the metal 
thickness in angstroms at time 11 (s), and D,,, is the metal 
thickness in angstroms at timeI 12 (s).  

Data have been reported in the literature for the gas
phase corrosion, mass loss rate, and total volumetric rate of

101 102 103 0 105 
ACID CONCENTRATIN (91M 3) 

Fig. 3-4.42. Corrosion rate of a mild steel probe versus hydro
chloric and nitric acid concentrations. Data used in figure are 
tokcn from reference 81.

TABLE 3-4.21 Corrosion Rate per Unit Fuel Vapor Con
centration in the Gas Phase for Flaming 
and Non flaming Fires with Variable Oxy
gen Concentration in the Flammability 
Apparatus and the Radiant Combustion!

Water Corrosion Ratel 

Polymer* 02 (%) F/NF1 Present: FLAM' RC/E' 

EVA 21 F no nd 0.001 
EVA-FR1 21 F no nd 0.021 
PE 21 - F no nd 0.002 
PE-FRi 21 F no nd 0.024 
PE-FRi 21 F yes nd 0.036 
PE-FR2 21 F no nd 0.022 
PE-FR2 21 F yes nd 0.024 
PE-FR42 21 F no nd 0.014 
PE-FR2 21 F yes nd 0.016 
PE125% CI 10 N yes 0.14 nd 
PE/36% Cl 10 NF yes 0.15 nd 
PE148% Cl 10 NF yes 0.19 nd 
PVC 10 NF yes 0.15 nd 

21 NF no nd 0.027 
21 NF yes 0.12 0.087 
21 F yes 1.0 nd 

TFE 0 NF yes 0.0036 nd 
10 NF yes 0.011 nd 
40 NF yes 0.035 nd 
21 F yes 0.42 nd 

*See nomnendialre.  tF: flaring. NP: nonfiaming.  

I Per un fet vhaporcionncentratopn acj/ew)/(gwtni3)..  
Inv Ft nmattlty Apparatus test method. 158.81.84 4r? 
fThe Radiant Comtiustion/Exposure test method, 85-9 1 500-mmn average.  
NOWe FR-i: red phosphorus fire retardant, FR-2. bromine fire retardant. EVkA elhylene-viiry acetate copolymer, PE: polyethylene. CI: chlorine. TFE: tetrafluo
roethlen (reflon'). and nd: not determined.  

fire products-air mixture with-relative hutnidity maintained 
approximately constant. From Equation 112

Hcr L t'rrii

wheref,cr is approximnately constant, and thus the values 
of Rcorri./(mAIVI can be used to assess the relative corrosion 
nature of the fire products generated from ~various materials.  
Trables 3-4.21 and 3-4.22 list the values of the corrosion rate 
per unit fuel vapor concentration. fRcor,(filAli(). The data 
show that: 

I. For significant gas-phase corrosion, it is necessary to 
have hydrogen atoms in [lhe structure of the halogenated 
materials as suggested by the stoichionietric yields listed 
in Table 3-4.13. For example, the corrosion rates per unit 
fuel vapor concentration for PVC (hydrogen atoms in the 
structure) and Teflon" (no hydrogen atoms in the struc
ture) differ by a factor of seven. The difference is probably 
due to: (a) the inefficiency of the hydrolysis process dur
ing the conversion of fluorocarbon products generated 
from Teflon" to I-F, and (b) the high water solubility of 
HCI generated from PVC.  

2. The corrosion rates per unit fuel vapor concentration for 
halogenated materials with hydrogen atoms in the struc
ture are high [greater than 0.14 (A/min)f(g/m1)J, whereas,

(114)
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TABLE 3-4.22 Corrosion Rate per Unit Fuel Vapor Con
centration In the Gas Phase for Flaming 
Fires in Air in the Radiant Combustioni 
Exposure Chamber* 

Sample Description Corrosion Ratet 

Crosslinked potyolefin (XLPO) + metal hydrate 0.007 
HD polyethylene (PE) + chlorinated PE blend >0.098 
Chlorinated PE + fillers > 0.098 
Ethylvinylacetate (EVA) PO + ATH filler 0.0 12 
Polyphenytene oxide/polystyrene (PS) blend 0.005 
Polyetherimide 0.002 
Polyetherimide/siloxane copolymer 0.005 
Intumnescent polypropylene (PP) 0.025 
Polyolefin copolymer + mineral filler 0.046 
XLPO + mineral filler 0.011 
XLPO + ATH 0.003 
XLPO + ATH 0.007 
EVA-PO + mineral tiller 0.013 
P0 + mineral filler 0.016 
CLPE + chlorinated additive >0 098 
Polyvinylidene fluoride > 0.098 
Polytetrafluoroethylene > 0.098 
Polyvinylchloride (PVC) > 0.098 
PVC wire > 0098 
PE homopolymer 0.006 
Douglas fir 0.006 
EVA-PO copolymer 0.003 
Nylon 6.6 0.008 
XLPE copolymer + brominated additives 0.091 

*Ftorn reference 87.  
?Per unit fuel vapor concentration (AkM)I(g/rn3); average gas-phase concentra
tion - 17.0 gAki3.  

they are negligibly small for fires of nonhialogenated mna
terials [less than 0.007 (A/min)I(g/m-1)j. as expected.  

3. Fire retardation of nonhalogenated materials by haloge
nated materials increases the corrosion rate per unit fuel 
vapor concentration for the nonhalogenated materials 
from less than 0.007 to 0.011 to 0.046 (Almin)/(g/ml).  
These values, however, are still about I/.. the values for 
the halogenated materials., 

4. Increase in the corrosion rate per unit fuel vapor concen
tration due to the presence of water is not significant for 
halogenated materials with hydrogen atoms in the struc
ture, as expected, as water is generated in the combustion 
process.  

5. Increase in the oxygen concentration in the environment 
increases the corrosion rate per unit fuel vapor concen
tration.  

Corrosion Measurements in the Aqueous Solution: The 
measurements are made in the Flammability Apparatus and 
the DIN 57472 test methods. For the measurements, Rohr
back Cosasco (RC) loop-type metal corrosion probes are 
uisedl. The probes are exposed to the aqueous solutions of the 
fire products. The probe consists of a metal loop attached to 
an epoxy-fiberglass rod, with a built-in reference. The metal 
loop acts as a sensor. As the sensor loop corrodes and loses 
its thickness, its resistance changes. The extent of corrosion 
is measured by the difference in the resistance between the 
loop and the reference. The corrosion rate is determined 
from Equation 113.

T~he fire products are either bubbled directly into known 
volumes of water or are collected in the gas phase on 
cellulose-based filter papers of known area. After the test, 
the color, odor, and mass of the products deposited on the 
filter papers are determined. The fire products are extracted 
with a known volume of deionized water.  

The corrosion in the aqueous solution is measured ev
cry hour for 16 to 24 hrs. In somec cases, concen trations of 
corrosive ions, such as chloride. bromide. and fluoride, are 
also determined using selective ion electrodes in the Flam
inability Apparatus test method. In the DIN 57472 test stan
dard. pH- and conductivity of the solution arc measured.  

The solution-phase corrosion parameters measured by 
the Flammability Apparatug test method show that they are 
comparable for all the halogenated materials and are signif
icantly higher than the values for the gas phase.  

Smioke Dariiage 
Smoke is a mixture of black carbon and aerosol. 9 -95 

Smoke is generated by many sources and is released to the 
environment, causing pollution, reduction in visibility, and 
nontlhermal damage (discoloration, odor, electrical shorting 
and conduction, corrosion, etc.). The estimated influx of 
black carbon to the environment from burning is 0.5 to 2 x 
10"~ g/yr.14 Black carbon is often called charcoal, soot. ele
mental carbon, etc.94 The partictilate organic mnatter (POM) 
in aerosols consists of:94 (1) hydrocarbons -these are the 
alkanes, alkenes, and some aromatics. with aliphatics con
stituting the greatest fraction. They range from C17 to C37; (2) polycyclic aromatic hydrocarbons; (31'oxidized hydro
carbons-these classes include acids. aldehyvdes, ketones, 
quiniones, phenols, and esters, as wvell as the less stable 
epoxides and peroxides. They may be produced directly in 
combustion processes or through oxidations in the atmo
sphere: (4) organo-nitrogen coinpoundls-the aza-arenes are the only types of this class that have been so far analyzed, 
and they are one or two orders of magnitude less than, the 
polycycliic aromatic hydrocarbons; and (5) organo-sulfur 
compounrds -heterocyclic sulfur compounds. Such as ben
zothiazole, have been reported in urban aerosols.  

The environmental behavior of black carbon introduced 
by combustion processes depends on the characteristics of 
thec source, aerosol properties, chemnical composition of 
black carbon, and meteorology. 94 The yield of black carbon 
depends on the material and combustion conditions, as dis
cussed in previous sections. Table 3-4.23 lists data, taken 
from reference 94, for the yield of black carbon from some 
industrial combustion processes.  

TABLE 3-4.23 Yield of Black Carbon from Some 
Industial Combustion Processes* 

Yield Fuel Source (g/kg) 
Natural gas Steam generator .3 x 10-4 

Domestic water heater 0.1 
Heating boiler 0.01-0.07 

Gasoline Automobile engine 0.1 
Diesel Automobile engine 2-4 

Truck/bus engine 0.6-1 
Jet A Aircraft turbine 0.5-3 
Fuel oil (#2) Uftility turbine - 0.08 

*D=t taken from reference 94.
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TABLE 3-4.24 Most Frequently Occurring Smoke 
Particle Radii in Fires of Some Materials* 

Smoke Partice Radius Material (microns) 
Coal 0.078 
Polystyrene 0.078 
Kerosene 0.079 
Polypropylene 0.079 
Polyethylene 0.077 
Propylene 0.076 
Ethylene 0.072 
Heptane 0.077 
Propane 0.068 
Nylon 0.075 
PMMA .,0.068 

Douglas fir 0.062 
Polyethylene with chlorine 0.090 
Polychioroprene 0.090 
PVC 0.083 
Styrene- butadiene rubber with chlorine 0.073 

*Data taken from reference 97.  

Multi-modal distributions of black carbon issuing from 
flames, diesel engines, and freeway traffic show that the ",nuclei mode" has a geometric mean radius between 0.0025 
and 0.020 microns and probably results from the condensa' 
tion of gaseous carbon moieties.9 4 The "aizciiriuilation 
mode" encompasses particles in the size range 0.075 to 0.25 
microns and apparently results from the coagulation and condensation of the "nuclei mode" particles.94 Finally in the case of vehicular emissions there is a "coarse mode" at sev
eral microns that is attributed to the precipitation of finie particles on the walls of exhaust systems and a subsequent 
entrainment in the issuing gases.94 The coal-fired utility 
boilers produce soot with peaks at particle radius of about1 0.05 microns. 94 Long-range transport of particles shows that about 60 percent of the soot is less than 0.05 microns radius size class.94 The larger particles are probably removed preferentially from the air during its travel.  

In fires, large variations in smoke particle size, due to coagulation and condensation, have been found. As the smoke moves away from the fire origin large particles settle down to the floor, leavin~g small particles in the gas phase.""' similar to the long-range transport in the atmosphere d iscussed in reference 94. The data from various fires show that initially the smoke particles are in the "coarse mode." 'Ihe 
particle size decreases slowly with time, suggesting that large particles settle down from the hot layer at the ceiling.  

Relationships between transport of heat and smoke gen
erated in large'enclosure fires and for smoke characteriza
tion have been developed and data have been reported for the most frequently occurring smoke particle radius.97 

These data are listed in Table 3-4.24, which shows that radii 
of the smoke particles vary between 0.062 to 0.09 microns.  belonging to the lower end of the "accumulation mode." It thus appears that, in fires, smoke damage in the room of fire origin is expected to be due to particles of several microns in radius in the "cqarse mode," whereas smoke damage downstream of the fire is expected to be due to particles with radius less than 0.1 micron in the lower end of 
the -accumulation mode."

AND CHEMICAL CONII'OL'NI)S IN l7IRF~ 2~1fl7

Although conicentration, size. physical, and opticalprop~erties. and~ chemical comlposition of smoke particles 
have been studied in detail. very' little is known about the charges on the particles.'" It has been suggested that soot nucleation and growth occur ncar the highly ionized regions of 
the flames in combustion processes. piossibly suggesting that some of the charges are transferred to smoke particles. in hvdrocarbon-oxygen flames. tile following reaction is consid
ered to be the dominant reaction for thie charge separation"8

Ciges on sm oke particles gucrated i lmn n nonflamning fir-es of wood, cotton w~ick. p~olyurethane, hep
tane with 3 percent toluene. and an alcohol have been examined. t "lThe res~iltS show that, in nionflaming fires, initially ,a very small fraction of particles is charged. During aging. the charge increases slowly. I-or flaming polyurethane 
fifes, where large amiounts of' black carbon are generated.  
smoke carries a high initial charge. 70 p~ercent of the parti
cles in the size interval from 0.018 to 0.032 microns are charged. Similar results are found for hcptane. Flaming 
wood fires. lio%%ever, show piarticle charges bctweea that of nonflaining fires of wood and cotton wick and that of flaming 
fires of polvurethiane. In the flaming fire of alcohol, there is 
no smoke.  

Char and black carbon are efficient absorbers of HCI. In the combustion of plasticized PVC wire, about 25 percent of the original chloride ions are retained in the char, and the ions are predominantly inorganic in nature.99 In the com
bustion of PE--PVC cables in rooms, smoke particles that settle down in the room contain about 33 percent by weight of inorganic chloride ions, and less than 2 percent of the theoretically expected mass of the chloride ions leaves the enclosure.!'6 in the combustion of 79.5 percent PVC-2o.5 
percent PE, 19 mg of HCI/g of smoke is loosely bound and 
27 mg of HCI/g of smoke is tightly bound to carbon. 10 

It thus appears that, for nonthermal fire damage, the important factors are: (1) concentrations of fire products and their deposition on surfaces, ( 2) chemical and physical nature of the products, (3) nature of the surfaces, (4) presence of moisture, and other factors. These factors depend on: (1) fire initiation and spread, (2) generation rates of fire products and their chemical and physical natures, (3) relative humidity and temperature, (4) in-flow rate of air and its mixing vwith-the products and the flow velocity of the mixture. (5) natuire and orientation of the target relative to the flow of the products, (6) exposure duration, (7) presence or absence of fire extinguishing agents. etc.  

FIRE CONTROL/SUPPRESSION/ 
EXTINGUISHMENT 

For the prevention of loss of life and property in fires, 
both active .and passive fire protection techniques are 
used.' 0 ' Passive fire protection is provided by: (1) modifying 
the chemical structures of the materials for high resistance to ignition and fire propagation, (2) incorporating fire retardants within the materials, (3) coating and wrapping the surfaces, (4) separating materials by inert fire barriers, (5) modifying configuration and arrangement of materials, 
etc. Active fire protection is provided by the application 
of agents to control, suppress, and/or extinguish fires. The

AND.CliE.MICAL C.OSIVOUNDS IN FIRES 1-11"17

CH + 0 = CHO' + e- (115)
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Fig. 3-4.43. Critical Heat Flux for untreated and treated fri- wall 
corrugated paper sheet. The amount of passive fire protection 
agent is increasing from Treated I to 4. Data obtained from the 
ignition experiments in the Flammability Apparat us. N\umbers in
dicated on tap of each bar are the Critical Heat FIILy values.  

most commonly used liquid and gaseous agents at the 
Spresent time are: water, CO.,, N2, and halons* 1211 

CEMrCIFA) 1301 (CBrF 1), and 2402 (CBrF 2CBrF,). Because Wf the contribution of halons to depletion of the stratospheric 
ozone layer, they will not be used in the future. There is thus 
an intense effort underway to develop alternative Fire sup
pressants to replace ozone-layer-depleting halons.  

.The mechanisms of passive and active fire protection 
are generally known.3 7,.lOIIOR Flame extinction by liquid 
and gaseous agents is mainly due to phvisical processes 
(such as removal of heat from the flame and burning Surface 
and creation of nonflammable mixtures) andior chemical 
processes (such as termination of chemical reactions). The 
effectiveness of water is mainly due to removal of heat from 
the burning surface as a result of vaporization. The effec
tiveness of halons is mainly due to termination of chemical 
reactions. N2 and C02 are effective mainly due to creation of 
nonflammable mixtures by reducing mass fraction of oxygen., 

Passive Fire Protection 
Passive fire protection is provided by various chemical 

and physical means, as follows, 
Increasing the resistance to ignition and fire propagation 
by increasing the Critical Heat Flux (CHF) amid Thermal 
Response Parameter (TRP) values: The Critical Heat Flux 
is expressed as

CHF o (T! - T 4) 19 (116)

where a is the Stefan-Boltzmann constant (50.7 x 10 -12 
kW/m2 -K 4). T, is the ignition temperature (K), a nd T. is the 

*mbient temperature (K). TRP is defined in Equations 1 and 2, 
ld its relationship to fire propagation in Equations 8 and 9.  

The relationships between time to ignition, fire propa
gat ion rate, Fire Propagation Index, and TRP (E3quations 2. 8, 

*The numbers represent: First: number of carbon atoms; second: number of fluorine atoms; third: number of chlorine atomns; fourth: 
number of bromine atoms.

and 0) show, that the time 10 ignition is directly proportional.  
to the TRP value to the power two; and the fire prolpagat ion rate 
and the Fire Propagation Index are inversely proportional to 
the TRP1 value to the power two and one. respectively. Thus thle 
higheri he TRP value, the longer the time to ignition. the slowcr 
[lhe fire propagation rate. and the lower the FPI value. For high 
TRP values with FPI < 7. [here is no fire propagation beyond 
the ignit ion zone, defined as the nonfire-propagating behav
ior. Also, for materials with high CHF values. higher heat 
flux exposure is required to initiate a fire.  

The CHF and TRP values can be increased by modifying 
the pertinent parameters, such as increase in the chemical 
bond dissociation energy and decrease in thermal dliffusion 
(combination of the dcnsity,-specific heat, and thcrnial con
ductivity). Figures 3-4.43 and 3-4.44 show thc CHF and TRP 
values for a tni-wall corrugated paper sheet containing var
ious amounts of a passive fire protection agent (identified as 
agent A here): fihe data were obtained from the ignition cx
peritnents in the Flammability Apparatus. Figure 3-4.45 
shows the TRP valute for a single-wall1 corrugatled papcr sheet 
co -ntaining various amounts of the passive fire pr-otection 
agcnt A: the data were obtained from the innition experi
ments in the Flammability Apparatus. The CHF and TRP 
v'alues increase with increase in the amount of agent; thus.  
the passive fire protection agent would complement the ac
tive fire protection agents. Corrugated paper boxes treated 
with higher amounts of the passive fire protection agent are 
expected to require reduced amounts of the active fire pro
tection agents for fire control, suppression, or extinguish
tnent compared to the amounts of the active fire protection 
agents required for the untreated boxes.  

The passi *ve fire protection requirements for various ma
terials can be assessed from the data for CHF and TRP listed 
in Table 3-4.2.  

Decreasing the values of the Heat Release Parameter 
(HRP) and the flame heat flux: Heat release rate is equal to 
the Heat Release Parameter (HRP) times the net heat flux 
(Equation 30). HRP is the ratio of the heat of combustion to 
heat of gasification. and thus the HRP value can be decreased
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Fig., 3-4:44. Thermal Response Parameter for untreated and 
treated tni-wall corrugated paper shoet. The amount of passive 
fire protection agent is increasing from Treated I to 4. Data 
obtained from the ignition experiments in thme Flammability Ap
paratus. Numbers indicated on top of each bar are the Thermal 
flespanse Parameter values.
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Fig. 3-4.45. Thermal Response Parameter for untreated and 
treated single-wall corrugated paper sheet. Tho amount of pas.  
sive fire protlect ion agent is increasing from Trcated Itoa 2. Data 
obtained from the ignition experiments in the Flammability Ap
paratus. Numbers indicated on top of each bar are the Therinal 
Response Paranmeter values.  

by decreasing the heat of combustion and/or increasing the heat Of gasification by various chemical and physical means.  
An examination of data in Table 3-4.11 for heats of comnbus
tion shows that introduction of oxygen, nitrogen. sulftir, 
halogen, and other atoms into the chemical structuires of the 
materials reduces the heat of combustion. For example, the 
heat of combustion decreases when the hydrogen atomns 
attached to carbon atoms in polyethylene are replaced by the halogen atoms, such as by fluorine in Teflon ". The chemical 
heat of combustion decreases from 38.4 kj/g to 4.2 kj/g (Table 
3-4.11), and the chemical HRP value decreases from 17 to 2 
(Table 3-4.12).  

The HRP values can also be reduced by increasing the heat Of gasification and decreasing the heat of combustion by retaining the major fraction of the carbon atoms in the solid phase, a process defined as charring. Several passive fire protection agents are available commercially to enhance the 
charring characteristics of materials.  

Figure 3-4.46 shows the reduction in the chemical heat release rate as a result of increase in charring of a tni-wall 
corrugated paper sheet by the passive fire protection agent 
A; the data were obtained from the combustion experiments 
in the Flammability Apparatus. The amount of the agent A is 
increasing from Treated I to 3. There is a very significant 
decrease in the chemical heat release rate of the tni-wall 
corrugated paper sheet by the passive fire protection agent 
A. which will complement the active fire protection agents.  
Corrugated paper boxes treated with higher amounts of the passive fire protection agent are expected to require reduced 
amounts of the active fire protection agents for fire control.  
suppression, or extinguishment compared to the one re
quired for the untreated boxes.  

The effect on flame heat flux by passive fire protection is determined by using the radiation scaling technique, where.  
combustion experiments are performed in oxygen concen
tration higher than the ambiqnt values. Very little is known 
about this subject. Table 3-4.5 lists some of the flame heat flux values derived from the radiation scaling technique, but 
no systematic study has been performed for the effectiveness

of passive fire protection. For liquids that vaporize primarily 
as monomers or as very' low molecular weight oligomers, the 
flame heat flux values are in the range of 22 to 44 kW/m2, 
irrespective of their chemical structures. For solid materials, 
which v'aporize as high molecular weight oligomers, the 
flame heat flux values increase substantially to the range of 
49 to 71 kW/m 2, irrespective of their chemical structures.  
The independence of the asymptotic flame li . values from 
the chemical structures of materials is consistent with the 
dependence of flamec radiation on optical thickness, soot concentration. and nlame -temperatuLre in large-scale fires.  
Passive fire protection agents. which can reduce the molec
ular weight of the vaporized materials, would be effective in 
reducing the flame heat flux and complement the active fire 
protection agents.  
Changing the molten behavior of materials: Figure 3-4.47 
shows the chemical heat release rate versus time for the 
well-ventilated comibustion of a 90-mmn-diameter and .25mm-thick slab of polypropylene exposed to an external heat 
flux of 50 kWm 2. The data were measured in the Flamma
bility Apparatus. For about 900 sec. the polypropylene slab 
burns as a solid with a thin liquid layer at the surface. The 
Measured and calculated values of thie heat release rate uin
der this condition agree very well. The heat release rate was 
calculated from Equation 30 with q'") *" - qrr.  

Between about 900 and 1150 sec, the polypropylene 
slab melts rapidly. At about 1150 sec, the entire sample 
changes to a liquid and burns as a boiling liquid pool fire.  
The chemical heat release rate triples at this stage. This is the most dangerous stage in a fire and presents a serious chal
lenge to the active fire protection agents, such as water ap
plied as a spray from sprinklers. Inert passive fire protection 
agents that eliminate the boiling liquid pool fire stage will be 
effective in complementing the active fire protection agents, 
such as water.  
Changing the nature of the fire products: Nonhaloge
nated passive fire protection agents or agents that reduce or 
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Fi4.3-4.416. Percent reduction in the chemical heat release rate 
of untreated tni-wall corrugated paper sheet by a passive fire 
protection agent. The amount Of the passite fire prottaction agent 
is increasing from Treated 1 to 3. Data from the combust ion 
experiments in the Flammnability Apparatus. Numbers indicated 
on top of each bar arc the percent reductions in, the chemical heat 
release rate.
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Fig. 3-4.47. Chemical heal release rale in the well-ventilated 
combus-t ion in normal air of a 90-mm-diameter and 25-mm-thick 
slab of polypropylene exposed to 50 k W/rn 2 of external heat flux 
in the Flammability Apparatus. (See Fig. 3-4.2 1.) 

@eliminate the release of halogenated and highly aromatic 
products and enhance release of aliphatic products;'rich in 
hydrogen and oxygen atoms but poor in carbon atoms, are 
effective in reducing the nonthermal damage due to smoke 
and corrosion. Some of the passive fire protection agents, avail
able commercially, interact with the materials in the solid as 
well as in the gas phase during pyrolysis and combustion.  

The critical parameter that needs to be examined in the 
presence and absence of the passive fire protection agents is 
the ratio of the generation rate of products (such as for 
smoke, CO, corrosive products,(HCI), and others] to heat 
release rate. The effectiveness of the passive fire protection 
agent is reflected in the small values of the ratios at fire 
control. suppression, and/or extinguishment stage.  

Active Fire Protection 
Active fire protection is provided by applying agents to 

the flame and/or to the surface of the burning material. The 
fire control, suppression, and exting~uishment have been de
scribed by the fire point equation.' 10-0 According to the fire 
point theory, the convective heat flux from the flame to surface 
as flame extinction condition is reached is expressed as 10 4.106 

= pAHTfii'r (117) 

where 47c is convective flame heat flux from the flame to the 
surface as the extinction condition is reached (kW/M2); 4p is 
t he maximum fraction of combustion energy that the flame 
reactions may lose to the sample surface by convection with
out flamie extinction and is defined as the kinetic parameter @for flame extinction; AHT is the net heat of complete com
bustion (kJ/g); and mhZ, is the critical mass loss rate for flame 
extinction (&/M2-S). The kinetic parameter is defined as'04m 1" 

_ A~~con(118) 

where AH..,,, is the flame convective energy transfer to the 
fuel per unit mass of fuel gasified (kJ/g). The kinetic param
eter is expected to be higher for fast-burning material vapors

and lower for slower burning material vapors, such as ma
terials containing halogens. sulfur, nitrogen. etc. It is sug
gested that, at flame extinction, combustion is controlled 
primarily by the convective heat transfer. and thus the crit
ical mass loss rate would follow Spalding's mass transfer 
number theory'0 31 

A ll(Br + 1) 

%-.here h is the convective heat transfer coefficient 
(WiVhn' 2-K). cp is the sp~ecific heat of air (kI'g-K). and B,..r is 
the critiral inass transfer number, dlefined as

Br Y()11 - cp(
7 , -T 

Bcrgco (120)

w~here Yo is the oxygen mass fraction (-)I; AH , is the niet 
heat of complete combustion per unit mass of oxygen con
sumied fl/&). which is app~roximately constant (Tables 3-4.7 
thiroughi 3-4. 10); T, is the Surface temiperature (K); and T,, is 
the ambient temperature (K). For ambient conditions, 

YOH >CP(T - T,,)- From equations 118 through 120

- Y0 AH 3 

AiHTexp(ni,cp~h) - 1 (121)

The fire point theory 104.1'Or and experimental data show 
that the critical mass loss rate for flame extinction is similar 
to the critical mass loss rate for ignition; 16.53.105,107,109 the 
critical mass loss rate for ignition, however, has to be mea
sured at the time period where the sustained flame is just 
being established. The data for the critical mass loss rate for 
ignition and flame extinction and the kinetic parameter for 
flame extinction are listed in Table 3-4.25. The values for the 
critical mass loss rate for ignition from the Flammability 
Apparatus (reference 16) are measured at the time period 
where the sustained flame-is just being established, and thus 
are higher than the values from the University of Edinburgh 
(reference 109). The University of Edinburgh data are prob
ably measured just before the sustained flame is established.  
For poi%-methylinethacrylate, the critic 'a] mass loss rate for 
ignition from the Flammability Apparatus (reference 16) 
agrees with the critical mass loss rate for flame extinction 
from reference 107.  

The data in Table 3-4.25 show that the values of the 
kinetic parameter are higher for the aliphatic materials than 
the values for the aromatic and chlorinated materials, which 
is op~posite to the trend for the heat of combustion. The data 
suggest that the materials can be arranged in the following 
decreasing order of the kinetic parameter values (using 
FMRC values): polyoxymethylene (inp = 0.43) > polymeth
ylmethacrylate (Wp = 0.28) > polyethylene, polypropylene, 
and polyethylene foams (p = 0.27 to 0.25) > polystyrene 
(q) = 0.21) > polyurethane, polystyrene, and polyisocyenu
rate foams and chlorinated polyethylenes (q) = 0.09 to 0.19).  
As expected from the fire point theory, 1 '' t the rea 'ctivity 
of the vapors in the gas phase follows the kinetic parameter.  

The combustion efficiency and product generat ion effi
ciencies follow the reactivity of the vapors in'the gas phase.  
such as shown in Figure 3-4.48 for the combustion effi
ciency. The lower the value of the kinetic parameter (Equa
tion 121). the lower the reactivity of the material vapors.  
which is reflected in the: (1) reduced values of the combus
tion efficiency (Equations 32 through 34). (2) reduced values 
of the generation efficiencies (Equation 66) of the oxidation 
zone products (such as CO2 ), and (3) increased values of the
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TABLE 3-4.25 Critical Mass Loss Rate for ignition and Kinetic Parameter for Flame Extinction

Critical Mass Loss Rate (g/m2-s)

Material Ref. 16*

Polyoxymethylene 
Polymethylmethacryilte 
Polyethylene 
Polypropylene 
Polyethylene foams 

2 
3 
4 

Chlorinated polyethylenes 
25% chlorine 
36% chlorine 
48% chlorine 

Polystyrene 
Polystyrene foams 

GM47 
GM49 
GM51 
GM53 

Polyurethane foams (flexible) 
GM21 
GM23 
GM25 
GM27 
1 ICaCO 3 

Polyurethane foams (rigid) 
GM29 
GM31 
GM35 

Polyisocyanurate foams (rigid) 
GM41 
GM43 

Phenolic foam

Ref. 1091

Kinetic Parameter 

Ret. 16* Ref. 109t 

0.43 1.05 
0.28 0.53 
0.27 
0.24 0.50 

0.24 
0.25 
0.25 
0.25

* 0.80

*19nflin data measured i the Flammability Apparatus 
1lgnlton data measured at the Univrsity of Edin1~ugh. U.K

generation efficiencies of the reduction zone products (such 
as smoke. CO, and hydrocarbons).  

The flame extinction can also be expressed in termis of 
the critical heat release rate

Qr, = A!H, (122)

where :r4 is the critical heat release rate (chemical, con
vective, or radiative in Mtnm2), and AH, is the heat of corn
bustion (chemical, convective, and radiative in kj/g). Table 
3-4.26 lists the critical chemical, convective, and radiative.  
heat release rates for flame extinction, where critical mass 
loss rate values are taken from Table 3-4.25 and heats of 
combustion from Table 3-4.11.  

The data in Table 3-4.26 suggest that the critical heat 
release rate for flame extinction is weakly dependent on the 
chemical nature of the material, contrary to the critical mass 
loss rate. The critical heat release rates thus can be averaged.  
which are l00 ± 7, 53 ± 9. and 47 ± 10kIW/rn 2 for the 
chemical, convective, and rg'diative heat release rates, re
spectively. For materials with highly reactive vapors, such 
as polyethylene, large amounts of extinguishing agent are 
needed to reduce the heat release rate to the critical value.

Lu 

0

0 0.1 0.2 0.3 0.4 0.5 
KINETIC PARAMETER 

Fi8. 3-4.48. Kinetic parameter far flame extinction ve Irsus the 
combustion efficiency and production generation efficiencie.  
Data are measured in the Flammability Apparztu&
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TABLE 3-4.26 Critical Chemical, Convective, 
and Radiative Heat Release Rates 
for Flame Extinction* 

Critical Heat Release Rate (kW/m 2) 

Material hemical Convective Radiative 

Polyoxymethylene (65) 50 (14) 
Polymethylmethacrylate 77 53 24 
Polyethylene 96 55 42 
Polypropylene 104 61 43 
Polyethylene foams 88 51 38 
Chlorinated polyethylenes 95 48 47 
Polystyrenes 108 44 64 
Polyurethane foams (flexible) 101 48 53 
Polyurethane foams (rigid) 102 44 58 

Average 96 ±10 51 ±6 46 ±12 

'Crficai mass loss rates from the Flammnabddiy Apparatus, and heats of combus
tion rom Table 3 -4. 11.1 

For materials with highly non-reactive vapors, such as Tef
Ion'", ii is difficult to reach the critical heat release rate 
values unless high external heat flux is applied.  

The energy balance at the surface as the flame extinc
tion condition is reached is 103 

= 1hH, ~ q (123) 
AHg

Q7 = A~~j-iPA7mr+q.-(~-~~v 
Q1 + (124)

where q; is the external heat flux (kWm 2); q~ is the surface 
re-radiation loss (WmM 2); q- is the heat flux removed 
from the surface or from the flame by the agent as the flame 
extinction condition is reached (kWM 2); AH, is the chemi
cal, convective, or radiative heat of combustion fkJ/g); and 
A1H, is the heat of gasification (kJ/g). AHIeiH01 is defined as 
the Heat Release Parameter (HRP).  

Flame suppress ionlextingt ishmen t by water: The heat 
flux removed from the surface of a burning material by wa
ter, as a result of vaporization, is expressed as 103

(125)

whereet,, is the water applicationl efficiency. fii. is the water 
application rate per unit surface area of the material 
(glm2-s), and esH,,, is the heat of gasification nf water (2.58 
kjfg). If only part of the water applied to a hot surface evap
orates and the other part forms a puddle, such as on a hori
zontal surface, blockage of flame heat flux to the surface and 
escape of thie fuel front the material surface are expected.  
Equation 125 thus is modified as

q4. = iii;;., At[, + 8,v) (126)

where 8l, is the energy associated with the blockage of flame 
heat flux to the surface and escape of the fuel vapors per unit 
mass of the fuel gasified (kJ/gj.  

From Equations 123 and 126

q;l liri r"AHg ewA~~wI+MI11t~H + 8, (127)

At flame extinction, hi =i< and from Equation 127

-h" ; irh,(AH -AHg)~~ 
EWAHH.AH + aV ~ (128)

where II;,LXis the water application rate per unit surface 
area of the material for flame extinction (g/mT2 -s). As dis
cussed in reference 103, in the absence of the external heat 
flux with no water puddle formation at the surface, the 
critical water application rate for flame extinction is

in- fh,',(Wt1HT -AZHxJq) 
Et HH ... (129)

where rjjw.,r is the critical water application rate (g/m 2-s), 
which is related to the fundamental fire property of the 
material. The calculated values of the critical water applica
tion rate for materials are listed in Table 3-4.27, where effi
ciency of water application was taken as unity. The values 
were calculated from Equation 128, using data from Table 
3-4.11 for the net heats of complete combustion, from Table 
3-4.25 for the critical mass loss rate and the kinetic param
eter, from Table 3-4.4 for the heats of gasification and surface

TABLE 3-4.27 Critical Water Application Rates for Flame Extinction

Material 

Potyoxymethylene 
Polymethylmethacrytate 
Polyethylene 
Polypropylene 
Polyethylene foams

Chlorinated polyethylenes 
25% chlorine 
36% chlorine 
48% chlorine 

Polystyrene

Qkyo 2)
AHT 

(kJ/g)
AH9 (1cJ/) (g/M2 -S)

13 
11 
15, 
15 

12 
13 
12 
12 

12 
12 
10 
13

op Critical Water Appl.  
(g/m2-s) Rate (g/M2-s) 

0.43 2.3 
0.28 2.5 
0.27 3.8 
0.24 3.0

15 2.1 
12 0.  
13 0 
21 5.1

F.wrhwAH,,,
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re-radiation loss, and using a value of 2.5 kj/g for the heat of 
gasification of water.  

All the materials listed in Table 3-4.27 burn in normal 
air without the external heat flutx. except polyethylene wvith 
36 and 48 percent chlorine by weight. The critical, water 
application rate for flame extinction for materials that do not 
burn in normal air without the external heat flux is zero. Thc 
materials in Table 3-4.27 that burn without the external heat 
flux can be arranged in the following order of increased 
water application rate required for flame extinction: polyoxy
methylene, polymethylmethacrylate, and polyethylene with 
25 percent chlorine (2.1 to 2.5 g/in2-s) < polyethylene and 
polypropylene (3.5 to 4.1 g/m2-Sl < polystyrene (5.1 g/m12-Sl.  

The data in Table 3-4.27 suggest that the critical waler 
application rate required for flamec extinction, with no water 
puddle at the surface, can be calculated to support the ex
perimental data. The input data for the calculation can be 
obtained from the measurements for the fire propcrties in the 
small-scale apparatuses, such as the oxygen bomib calorimi
etry, the Flammability ApparatuIs, the OSU Apparatus, and 
.the Cone Calorimeter. The properties and respective tests 

e-re: (1) surface re-radiation loss [froni the Critical Heat Flutx 
(CHF] and critical mass loss rate. using ignition testsl, (2) 
heat ofgoasificatton using the nonflaining tests, (3) net heat of 
complete combustion from the oxygen bomb calorimeter, 
and (4) kinetic parameter (Equation 12 11 where the ratio of 
the convective heat transfer coefficient to specific heat is 
needed. The ratio can be obtained fromt the methanol coin
bustion at variable oxygen mass fractions and external heat 
flux for known inlet airflow rates, a procedure that has beeni 
used in the Flammability ApparatuIs for such applications.33 

The first term on the right-hand side of Equation 128 
can be considered as the term to account for the effects of fire 
size as well as the shapes and arrangements of the materials.  
As the fire intensity increases due to changes in the shape, 
size, and arrangements of the material, heat flux to the stur
face of the material increases, and water application rates 
above and beyond the critical water application rate for 
flame extinction thus would be required. For example. water 
application rate for extinguishment of fires burning at the 
asymptotic limits can be calculated from: (1) the values of 
the flame heat flux to the surface listed in Table 3-4.5,' in 
place of the external heat flux in Equation 128: and (2) the 
data for the critical water application rate for flame extinc
Lion l isted in Table 3-4.27. The calculated water application 
rates for extinguishment of fires burning at the asymptotic 
limits are listed in Table 3-4.28. The data show that the first 
term of Equation 128 becomes very dominant at the asymp
totic limit compared to the second term, which is the critical 
water application rate. In Table 3-4.28, thle water application 
rates at the asymptotic limits are thus calculated on the basis 
of flame heat flux alone.  

Numerous small- and large-scale tests have been per
formed to assess the extinguishment of fires by water 
sprays. 103-108.110-113 For example, small-scale fire suppres
sion/extinguishment tests are performed in the Flammabil
ity Apparatus [Figures 3-4.2(a) and (bli, and large-scale fire 
suppress ionlexti ngu ish ment tests are performed in the Fire 
Products Collector (Figure 3-4.8) and at the Test Center.  
mostly at the 30-ft site (Figure 3-4.49).27.37.1(1.102.105.110-114 

Small-Scale Fire Suppressiol/Extinglaishment Tests Using 
Water and Materials with Two- and Three-Dimiensional Con
figurations Burning in Co- and Naturol-Airflow Conditions:

TABLE 3-4.28 Water Application Rate for the Extinguish
ment of Fires at the Asymptotic umits* 

qWater App.  
Material (g/mn2-s) (kW/m2) Rate (g/n2-S) 

Aliphatic Carbon-Hydrogen Atoms 
Polyethylene 3.8 61 27 
Polypropylene .3.0 67 29 
Heavy fuel oil (2.6-23 m) ? 29 lit 
Kerosene (30-80 m) ? 29 lit 
Crude oil (6.5-31 m) ? 44 17t 
n-Dodecane (0.94 M) ? 30 12t 
Gasoline (1.5-223 m)_ 30 12: 
JPA (1.0-5.3m) ? 40 16? 
JP-5 (0.60--17 m) ? 39 15t 
n-Heptane (1.2- 10 m) ? 37 14t 
n-Hexane (0.75-10mi) 37 14t 
Transformer fluids (2.37 m) 

Aromatic Carbon-Hydrogen Afoms 
Polystyrene (0.93 m) 5.1 75 34 
Xylene (1.22 m) ? 37 14t 
Benzene (0.75-6.0m) ? 44 17? 

Alipha tic Carbon-Hydra gen-Oxygen Atoms 
Polyoxymethylene 2.3 50 22 
Polymethylmethacrylate (2.37 m) 2.5 60 26 
Methanol (1.2-2.4 m) ? 27 10t 
Acetone (1.52 m) ? 24 9 

Aliphatic Carbon-Hydrogen-Halogen Atoms 
Polvinylchloride .0 50 19 
Tefzel' ETE 0 50 19 
Teflon" (FEP) 0 52 20 

*For water application efficiency of unity with no waler puddle at the surface.  tr-akzutated from the flame heal flux alone. Because waler does not stay at the 
surface, the flamne exiinction of liquid pool fires with waler is not an efficient 

an culwtrapiainrtswudpoal ePge thacalculated.  

Several stud ics have been performed for these types of con
figurations and airflow conditions. 10 1-1 8 For example, 
small-scale fire suppressionlextinguishment tests using wa
ter are performed in the Flammability Apparatus, under co
and natural airflow conditions. In the tests, measurements 
are made, in' the presence and absence of water, for the 
Critical Heat Flux (CF-IF; Thermal Response Parameter (TRP); 
mass loss rate: chemical, convective, and radiative heat re
lease rates: generation rates of CO and C02; hydrocarbons; 
smoke: optical transmission through smoke; corrosion in the 
gas phase: and other products (depending on the need)..  

The test samples used, with and without the external 
heat flux, consist of: (1) two-dimensional samples: 100 x 
100 mm square and 100-mm-diameter circular samples up 
to 50 mm in thickness; and (2) three-dimensional samples 
identified as "sample commodities": (a) cross piles of sticks, 
defined as the "crib"; single crib is used in the test; and (b) 
50-, 75-. and 100-mm cubic boxes; one to eight boxes are 
arranged in one to four layers with a separation of about 
12 mm between the boxes and the layers. The designation 
used for the arrangement of the boxes is: number of boxes 
along the length x number of boxes along the width X 
number of layers, i.e.,
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TO AIR POL.LUTION 
ABATEMNT 

EOUIPMENT STORAGE ROOM SERVICE SHOPS

Fig. 3-4.49. The Factory Mutual Research Corporation's Test Center at West Gloue estcr, RI1, where large-scale fire tests are performed.

1 . One box with a single layer: 
1 x 1 x 1 sample commodity, 

2. Two boxes with a single layer: 
2 x 1 x 1 sample commodity,

3. Two boxes with two layers: 
I X .1 x 2 sample commodity, 

4. Three boxes with three layers: 
I x 1 x 3 sample commodity,
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Fig. 3-4.50. Free-burning chcnuical heat release rate versus 
time for 100-mmn cubic empty corrugated paper boxes arranged 
as one box per layer foro a otal offour layers. Each layer is about 
12mmn apart. Visualfionie heights are indicatedfort wo arrange
ments. Data were measured in the Flammability Apparat us.  

5. Four boxes with I'ou1i layers: 
1 x X X 4 sample commodity.  

6. Four boxes with a single layer: 
2 X 2 x 1 sample commodity.  

7. Eight boxes with two layers: 
2 x 2 x 2 sample commodity.  

There are provisions to use more than eight boxes and four 
layers. The arrangements have strong effect on the fire inten
sity as shown in Figure 3-4.50, where chemical heat release 
rate is plotted against time for 100-mm cubic box with one box 
to a layer for a total of four layers. Visual flame heights from the 
bott 'om of the first box are indicated for two arrangements. The 
data were measured in the Flamnmability Apparatus. The data 
show that the increase in the chemical heat release rate is more 
than expected from the increase in the surface area. For exam
ple. the surface area increases by a factor of 4 from one to four 
boxes, whereas the peak chemical heat release rate increases 
by a factor of 5. even though all the surface areas are not 
burning. This is indicative of the enhancement of the flame 
heat flux in a three-dimensional arrangement.  

In the three-dimensional arrangement of the sample 
commodities, the water application rate for fire suppression! 
extinguishment is expected to be governed by the first term 
rather than by the second term in Equation 128 (see Table 
3-4.28), due to the enhancement of the flame heat flux. With 
water application efficiency of unity and no water puddle at 
the surface, the water application rate required for flame 
suppression/extinguishment for the three-dimensional ar
rangement of sample commodities, from Table 3-4.28 for 
solids, is expected lo be in the range of 19 to 34 g/m2-s. These 
rates are about ten times the critical water application rates 
for flame extinction (Table 3-4.27).  

Figures 3-4.51 through 3-4.53 show examples of the fire 
extinguishment test data from the Flammability Apparatus 
for 100-mm-diameter and la-mm-thick circular Whatman 
No. 3 cellulosic filter paper slb.114 Figure 3-4.51 is a plot of 
the average heat flux removed from the surface of wet filter 
paper by the gasification of water versus the average heat

ujE 0 50 kW/n 2 

~12 - 0 40 kW/n 2  0 

to 30 kW/n 2 

o w 0 25 kW/rn 2 

WF
>.( 9 

~LL WO 00 

wu)3 
<~ 

0
0 3 6 9 12 15 

HEAT FLUX REQUIRED TO GASIFY WATER 
(kWIM2) 

Fig. 3-4.51. Avcrage heal flux removed from the surface by the 
gasification of water versus the average heat flux required for 
the gasification of wafer. Thc data are for 1 00-mm -diameter and 
13-mm-thick horizontal ivettcd slabs of the Whatman No. 3 cel
lulosic filter paper. The slabs were exposcd to external heat 
fluxes in the range of 25 to 50 kWn,2 in the Flammability Appa
ratus tinder ca-flow conditions in normal air. The slabs were 
wetted with different amounts of water until saturation. Data 
are taken from reference 114.  

flux required to gasify the water. The average heat flux re
moved from the surface, during the test time period, is cal
culated from Equation 123 using the measured values of the 
mass loss rate with and without the water on the surface, 
and the values from Table 3-4.4 for the heats of gasification 
and surface re-radiation loss of filter paper. The average heat 

500 I 

*450 

00 

0 

I

0.0 0.4 0.8 1.2 1.6 2.0 

MASS OF WATER AT SURFACE 
0(g/mt) 

Fig. 3-4.52. Time to auloignition versus the total amount of 
water used to wel the 100-mm-diameter and 13-mmn-thick horizon
tal welteds 1sla of the Wh4atman No. 3 cellulasic filter paper. Thje 
slabs. were exposed to ext ernal heat fluxes in the range of 25to 50 
kW/m' in the Flammability Apparatus under co-flow conditions in 
normal air.'7The slabs were wetted with different amounts of wotor 
until saturation. Data are taken fromt reference 114.
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and 8, = 0. For cellulosic filter paper, H-RP = 3.6 and the 
heat of gasification of water is 2.6 k)/g. Using these valutes in 
Equation 131

Q~hQ~1.w = ~100 x3.6 x2.61. (132)

or. the percent reduction in the chemical heat release rate is

;/ -Q',--..x 100 = 936,,.,.  
0;h 

Qh" (133)

35 
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Z :25 
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a J15 

0W10 
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Fig. 3-4.53. Percent reduction in tlin chemical heat release rote 
versus the water application rate for the conmbust ion of l1ll-mm
dionmeter and 13-mm-thick horizontal wetted slabs of the What
man No. 3 cellulosic filler paper. The slobs were exposed to 
external heat fluxes in the range of 25 to 50 kW/m2 in the Flam
mability Apparatus under co-flow conditions in normal air. Data 
are taken from reference 114.  

flux required to gasify the water, during the test time period, 
is calculated from Equation 125 using the measured values 
of the mass of water applied to the surface, where efficiency 
of application is unity. As expected from the published lit
erature on this subject, 101-108, 14 there is excellent agree
ment between the heat flux removed from the surface by 
water and heat flux required to gasify it.  

The data in Figure 3-4.52 show that the time to sus
tained autoignition for the filter paper increases with in
crease in the amount of water at the surface, as expected due 
to removal of energy by: (1) the gasification of water and 
(2) blockage of flame heat flux to the surface and escape of 
the fuel vapors. It is well known that the wetting action of 
water delivered from sprinklers is effective in resisting the 
fire jump across the aisles of stored commodities in ware
houses. The wetting action of water is considered to be one 
of the major advantages of the sprinkler fire protection.  

Figure 3-4.53 shows the percent reduction in the chemi
ical heat release rate versus the water application rate 'for the 
cellulosic filter paper sample exposed to various heat fluxes.  
From Equation. 124. the reduction in the chemical heat re
lease rate for a fixed external heat flux value can be ex
pressed as follows

(130)

where ( A, is the chemical heat release rate in the presence 
*of water (kW/m2 ). AHcih/AH9 is the Heat Release. Parameter 

(HRP). From Equations 126 and 130 

QhQch. , = HRP(EWAHi/+ 8,)h (131) 

In the tests, the water was applied directly to the surface and 
there was no puddle formation on the surface, thus t~l, = I

from Equation 133. Thus the experirn -ntal data support the 
heat balance mechanism for flame extinction by the gasifica
tion of water, as long as there is no water puddle at the surface.  
Smnall-Scale Fire Suppression/Extinguishment Tests Using 
Water with Horizontal and Vertical Slabs& Burning, under 
Natural Airflow Condition: Several studies have been per
formed in this type of configuration. 101-108 For example, fire 
extinguishment tests have been performed with water ap
plied to the burning vertical and horizontal slabs of poly
methylmethacrylate (PMMA), polyoxymethylene (POM), 
polyethylene (PE). and polystyrene (PS).107 The horizontal 
slabs were 0.1 8-rn squares and the vertical slabs were 0. 18 in 
wide and 0.37 mn high. 107 The slabs were exposed to external 
heat flux values in the range 0 to 1 7kW/inin normal air in 
the presence of water applied at a rate of 0 to 7.8 g/m2-s. 107 
The water application efficiency was close to unity.  

Figure 3-4.54 shows the time to flame extinction and 
mass loss rate for various external heat fluxes applied to the

Z250 
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w 150 
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W 100 

50 

0 I a I * I * I - -g I I I 
4 6 8 10 12. 14 16 IS 20 
EXTERNAL HEAT FLUX (kW/m2)

Fig. 3-4.54. 'Tinme te jame extinction and mass loss rate at var
ious external heat fluxes for the combustion of a 0. 18-rn-wide, 
0.37-rn-high, and 50-aim-thick vertical slab of polymethylmcth
acrylate in the pr~ece of water with an application rate of 5.2 
glml-s. Data are taken from the study reported in reference 107.

) I duction in the chemical heat release rate versus the water application rate should be a straight line with a slope of 

936/Q" .h. For thie external heat flux values of 25, 30, 40. and 
50 kW/m 2. the free-hurning, chemicn:a heat release rates arc 

______________________112__, 190, 210. and 235 kW/ni-. rcspeci ively. Thus the slopes 
2 3 4 5 6 7 8 at these fluxes are 7.8, 4.9. 4.5. and 4 0 (g/M2-s) - 1 respec

NATER APLICATIN RATE he flopes of the lines from tlit experimental data for 
(g/M2-S) 30 and 50 kW/m2 in Figure 3-4.53 are, .7 and 3.9 (g/m'.s) 

respectively, in excellent agreement w!.-h the expected slopes

Qch _ Q;h.. = co;
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EXTERNAL HEAT FLUX (kW/M 2 )

Fig. 3-4.55. Water application rate required for flame cx tic
tion of horizontal and vertical slabs of polvmethylmcethacr;h(tic 
(PMMA), polyoxymcthylene (POM), polystyrene (PS). and poly
ethylene (PE) burning in normal (air at various external heat 
fluxes. Data ore taken from the study reported in reference 1037.  

surface of the vertical PMMA slab burning in norinal air with 
a water application rate of 5.2 g/m2-S; the data in the figure 
are taken from the study reported in reference 107. With 
increase .in the external heat flux, the time to flame extinc
tion increases until, close to the Critical Heat Flux,(CHF) 
value of 11 kW/rn 2 (Table 3-4.2). it goes to infinity (no flamie 
extinction). Trhe mass loss rate data in Figure 3-4.54 show 
that, close to the Ct-F value, the mass loss rate approaches 
the critical rate of 3.2 g/m 2-s, determined from the ignition 
experiments (Table 3-4.26). These data support the fire poinit 
t heory. 104,.106 

Figure 3-4.55 shows water application rates requiired for 
flame extinction for vertical slabs of polymethyl met hac-y 
late (PMMA). polyoxymethylene (POMI. polystyrene (PS).  
and polyethylene (PE) burning in normnal air with various 
external heat flux exposure. The (data satisfy Equation 127: 

Polymethylmethacrylate 
Vertical 

=0.374; + 1.67 (11 = 0.99) (134) 

Horizontal

=0.224,- + 1.56 (R ' = 0.99) 

Polyoxymethylene 
Vertical 

=0.424; + 1.97 (R2 =0.98) 

Horizontal 

ii4 = 0.244; + 2.08 (R2 =0.99) 

Polystyrene 
Horizon tal

rh = 0.224; + 3.1 (R2 = 0.98)

Equations 134 and 136 show, that, for vertical slabs, the 
inverse of the slope is equal to 2.7 and 2.3 kj/g for PMMA and 
POM, respectively. which arc close to the heat of gasification 
of waler (2.6 ku8-). Thus, the effect of water puddle at the 
surface is negligibPle as expected for the vertical surfaces.  
Equations 133. 137. and 1 311 slio%% that, for hiorizontal sur
faces, the inverse of the slopes for PMMA. 11OM, and PS are 
4.6, 4.1. and 4.6 kl/g. respectively. which are ilmost twice 
the value for the hicat of gasification of wvater. The data for the 
horizontal slabs thus suggest that the blockage of flame heat 
flux and escape of thc fuel from the surface is as important as 
the gasification of water. The energy associated with thc 
blockage is about thce same miannituilc as the energy associ
ated with the gasification of water.  
Large-Scale Fire SuppressioiilExiinguishment Tests Using 
Water: Numerous large-scalc fire suppressionlextinguish
rnent-tests have been performed.101'3M"'' 11 In almost all 
cases the materials are heterogeneous and thie configurat ions 
are three dimensional, identified as "comm iodities. " Tests 
are performed uinder natural airflowv conditions with water 
applied from a series of sprinklers. The sprinklers are either 
at the ceiling or close to the top surface of the commodities.  
At FMRC, large-scale fire suppression,extinguishment tests 
are performed in the Fire Products Collector (Figure 3-4.8) 
and at the FMIZC Test Center, mostly at the 30-ft site (Figure 
3.4.49).27,:17.101.102.105,110-114 

FMRZC classifies a stored commodity by its potential fire 
protection challenge. which is essentially dependent on the 
commodity's ability to release heat in a fire in the presence of 
water. 110 Most stored commodities are classified into one of 
the six classes, such as the following examples."10 

Noncombustible: Do not burn and do not, by themselves.  
reqtiire sprinkler protection.  

Combustibles: Class 1: Example -noncomibustible prod
uicts on wood pallets or noncombustible products packaged 
in ordinary corrugated paper boxes or wrapped in ordinary 
paper on wood pal~ets. Class I commodity is simulated by 
glass j*ars in compar tmented corrugated paper boxes.  
Class 11: Example-Class I products in more combustible 
packaging, such as wood crates or miultiple-thickness cor
rugated boxes. Class II commodity is simulated by metal
lined double tni-wall corrugated paper boxes.  

Class III: Example -packaged or uinpackaged wood, paper, 
or natuiral-liber cloth, or products made from them, on wvood 
pallets. Class IlI commodity is simulated by using paper 
cups in compartmented corruigated paper boxes.

Class IV: Class 1. 11, and III commodities containing no more 
(135) than 25 percent (by volume) or 15 percent by weight of 

high -heat- release- rote synthetic materials. Class IV coin
modity is simulated by polystyrene (15 percent by weight) 
and paper cups in compartmented corrugated paper boxes.  

(136) Group A Plastics: Simulated by polystyrene cups in compart
mented corr ugated paper boxes.  

For the tests in Ithe Fire Products Collector, the commrod
(137), ities are used in a 2 X 2 x 2. arrangement (two pallet loads 

along the length .x two pallet loads along the width x two 
layrs.10 '.10.10.1.1 Each pallet load consists of a wood 

pallet with eight 0.53-cubic corrugated paper boxes, con
taining products under test, in a 2 x 2 x 2 arrangement (two 

(138) boxes along the length X two boxes along the width in two
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Fig. 3-4.56. Calculated average peak heat release rates for 
free-burning fires of simulated commodities from the data mea-.  
sured in the Fire Products Collector (10,000-kWt-scale Flainmo
bility Apparatus). Data are taken from references 101, 102, 110, 
113. and 114.  

layers. with boxes touching each other). Each pallet load is 
a 1-mn (42-in.) cube of product and separated by about 
150 mm. This arrangement leads to the test commodity 
consisting of eight pallet loads with 64 corrugated pajoer 
boxes containing products with overall dimensions of 
2.3 mn (7.5 ft) X 2.3 m (7.5 ft) x 2.9 mn (9.7 ft) high.  

In the Fire Products Collector (10,000-kW-scale Flam
mability Apparatus) fire suppression/extinguishment tests.  
water is applied at the top of the commodity, in a uniforin 
fashion, with application rates in the range of 0 to 407 g/m 2_S 
(0 to 0.6 gpm per sq ft). The range of the water application 
rates is about ten times the predicted range -for the three
dimensional arrangements (Table 3-4.28 with water appli
cation efficiency of unity and no water puddles at the sur
faces). It thus appears that blockage of flaine heat flux to the 
surface and escape of fuel vapors are as important as gasifi
cation of water for the fire suppress ion/extingu ish men t of 
the commodities, similar to the flame extinction for horizon
tal slabs (Equations 135. 137, and 138) in small-scale tests.  
discussed previously.  

Figure 3-4.56 shows the calculated values of the free
burning average peak heat release rate for the simulated 
Class I through Group A plastic commodities. In the calcu
lations data measured in the Fire Products Collector (10,000
kW-scale Flammability Apparatus) were ued'' 4 The Class 
I through Class III commnodities were made of cellulosic 
materials and had lower heat release rates. This behavior is 
expected on the basis of the values of: (1) surface re
radiation loss and heat of gasification (Table 3-4.4), (2) flame, 
heat flux (close to polyoxymethylene. Table 3-4.5), (3) heat 
of combustion (Table 3-4.11), and (4) Heat Release Parame
ter (Table 3-4.12) for wood and paper.The heat release rates 
for Class I through Class III commodities increase gradually 
from Class I through Class 111.  

Introduction of polystyrene fromn about 15 percent 
(Class IV) to 100 percent (plastics Group A) inside the 
corrugated paper boxes results in an exponential increase 
in the chemical and radiative heat release rates as indi-

cated in Figure 3-4.56. This behavior is expected on the 
basis of the higher values or: (1) beat of gasification (Table 
3-4.4). (2) flame heat flux (Table 3-4.5). (3) heat of comn
bustion (Table 3-4.11)I. and (4) Heat Release Parameter 
(Table 3-4.12) for polystyrene compared to the values for 
the cellulosic materials in Class I through Ill commodities.  
The higher intensity fire due to the introduction of poly
styrene is also indicated by the highcr water applica: i)ns 
rates required for fire suppression/exiinguishment in Fig
uire 3-4.57. The higher water requirement for fire suppres
sion/extinguishmient for Class IV and plastics Group A 
commodities is expected from Equation 128. due to higher 
value of the flame heat fl ux which dominates the water 
application rate requiremients.  

Flarne Extinction by the Processes 
in the Gas Phase 

rhe process of flame extinction by gaseous, powdered.  
and foaming agents and by increase in the local equivalence 
ratio is predominantly a gas-phase process and thus is dif
ferent from the process ofnfamie extinction by water, which 
Occurs predominantly in the solid phase at the surface of the 
material. The kinetic parameter for flame extinction defined 
in Equation 118. however, is still applicable1 03

(o- Kyiexf 1 + Acp(Tod - Tj+ AHDj

(139)

where yp is the kinetic parameter in the presence of the 
extinguishing agent, cpri is the kinetic parameter in the ab
sence of the extinguishing agent. K is the ratio between the 
kinetic parameters at the flame temperature and at the adi
ab~atic flame temperature. Yj.. is the mass fraction of the 

20 
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.Fig. 3-4.57. Calculated average peaik chemical heat release 
rates at various water application rates for fires of simulated 
commodities from the data measured in the Fire Products 
Collector (0o, 000-k W-scale Flammability Apparat us). Data are 
taken from references 101, 102. 110. 113. and 114. One gpm/fl 2 

= 769gl~m 2-s.

O3-118
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extinguishing agent, Acp is the difference between the heat 
capacities of the extinguishing agent and the fire products 
(kJ/g-K), Tad is the adiabatic flame temperature at thc stoi
chiometric limit (K), To is the initial temperature of the 
reactants (K), and tIHL is the heat of dissociation (kJ/g).  

Equation 139 shows that the addition of an extinguishing 
agent reduces the kinetic parameter from its normal v'alue and 
includes the effects of four flame extinction miechanisms:' 0 3' 
(1) dilution, effects are included in the KYj,.x term;: (2) added 
thermal capacity, effects arc included in Acp: (3) chemnical 
inhibition, effects are included through increases in To,, 
value; for most fuels the adiabatic flame temperature at the 
stoichiometric limit is about 1700 K;10 :1 more reactive fu
els. such as hydrogen, have lower adiabatic flame temper
attire at the stoichionietric limit, and less reactive or re
tarded materials have higher values of the adiabatic flame 
temperature at the stoichiomnetric limit; and (4) kinetic 
chain breaking and endothermic dissociation through Acp 
and AHD terms.  

From Equation 123 in the presence of an extinguishinig 
agent that works in the gas phase 

- _ wbl~r~~+q-q,~(140) 

For a fixed value of the external heat flux, the addition 
of an extinguishing agent reduces the normal v'alue of the 
kinetic parameter by one or more of the four mnechanismis 
expressed by Equation 139; the mass loss rate decreases 
and approaches the critical value at which the flame is 
extinguished. Increase in the external heat flux would 
increase the mass loss rate, and further addition of the 
extinguishing agent would be needed to reduce the mass 
loss to its critical value and to reestablish the flame ext Inc
tion condition. Continued increase in the extinguishing, 
agent with external heat flux will result in the first term in 
the denominator on the right-hand side of Equation 140 t o 
become zero, and the equation will represent a nonflaining fire.  For a fixed airflow rate, as is generally the case in 
enclosure fires where the extinguishing agent working in 
the gas phase is used, increase in the mass loss rate due to 
external heat flux results in an increase in the equivalence 
ratio, defined in Equation 36. As the equivalence ratio 
increases and approaches values of 4.0 and higher, the 
combustion efficiency approaches values less than or 
equal to 0.40, flames are extinguished, and nonflaming 
conditions become important. 3 6

,
3 7 Thus the uipper limit 

for the application of the extinguishing agent working in 
the gas phase is dictated by the equivalence ratio 2.4.0 
and/or the combustion efficiency 5 0.40. Under nonflain
ing conditions, increase in the external heat flux increases 
the generation rate of the fuel vapors and the reduction
zone products.  

Flame Extinction by Reduced 
Mass Fraction of Oxygen 

Flame extinction by reduced mass fraction of oxygen 
can be the result of: (1) dilution 'and heat capacity effects due 
to the addition of inert gases, such as N2, C02 , etc.-. and 
(2) chemical effects due to the retardation of chemical reac
tions and reduction in the fltme heat flux to the surface, 
especially the radiative component.  

Theoretical and experimental analyses have been per
formed for flame extinction by reduced oxygen mass frac-

15 
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Fig. 3-4.58. Chemical heat release rate versus time for 50-mm 
empty corrugated paper boxes in a 2 x 2 x 2 arrangement (two 
boxes along the length X two boxes along the width x two 
layers, for a tot al of eight boxes separated by about 12 mm).  
Measurements wvere made in the Flammability Apparatus with 
no external heat flux under thc co-flow condition at various 
oxygen mass fractions, which are indicated in the figure.  

tions. For example, for polynlethylmethacrylate (PMMA), an 
oxygen mass fraction value of 0.180 is predicted for flame 
extinction1 15 compared to the experimental values of 0.181 
for a 70-mm-wide, 190-mm-high, and 19-mim-thick vertical 
PMMA slab""0 and 0.178 fora 100-mrm-wide, 25-mmn-thick, 
and 300- and 610-mm-high vertical slabs of PMMA, and 
25-mm-diameter and 610-mm-high vertical cylinder of 
PMMA. 2 The critical values of the chemical, convective.  
and radiative heat release for PMMA are 106, 73, and 
33 kW/m2 , respectively, 2 showing a trend similar to ori 
reported in Table 3-4.26. At oxygen mass fractions equal 
to or less than 0.201, flames are unstable and faint blue 
in color.2 

The effect of increased external heat flux on flame 
extinction due to reduced oxygen mass fraction has been 
examined for the buoyant turbulent diffusion flames. For 
example, for rectangular and circular horizontal PMMA 
slabs, 0.06 to 0.10 m2 in area and 0.03 to 0.05 m in thickness, 
exposed to external heat flux values of 0. 40. 60, and 65 
kW/m 2 . flame extinction is found at oxygen mass fractions 
of 0.178, 0.145, 0.134, and 0.128, respectively. 2 ' The data 
support Equation 140 and show that, for buoyant turbulent 
diffusion flames, flaming can occur up to relatively low ox
ygen mass fract ion values: the only condition is that, in the 
gas phase, the reactant-oxidizer mixture is within the flam
mability limit.  

The effect of reduced oxygen mass fraction on flame 
extinction of materials in the three-dimensional arrange
ment, where flame heat flux is enhanced, has been exam
ined. Figure 3-4.58 shows an example where chemical heat 
release rates at oxygen mass fractions of 0.233, 0.190, and 
0.167 versus time are shown for the combustion of 50-mm 
cubes of empty corrugated paper boxes in a 2 x 2 x 2 arrange
ment. The weight of each box is about 13 g (839 g/ni 2). The 
measurements are from the Flammnability Apparatus.
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In Figure 3-4.58, at oxygen mass fraction of 0.167, the 
flame is close to the extinction condition, only 10.5 percent 
of the initial weight of the boxes is consumed, which is 
equivalent to consumpt ion of a single box with a surface 
area of about 0.0155 ml. The peak chemical heat release rate 
close to flame extinction, in Figure 3-4.58, is about 1.5 kW or 
97 kWfM2, using a surface area of 0.0155 in 2. This value is 
in excellent agreement with the average value in Table 
3-4.26. derived from the critical mass loss rates for ignition.  
The data in Figure 3-4.58 for the three-dimensional arrange-, 
ment of the corrugated boxes thus support the fire point 
theory,'104 .'0 6 independence of the critical heat release rate 
for flame extinction from the geometrical arrangement and 
surface areas of the materials, and Equations 139 and 140 as 
originally formulated in reference 103.  

NOMENCLATURE 

A total exposed surface area of the material (in") 
a/ mass coefficient for the produict yield (g/g) 
bi molar coefficient for the product yield (glmole) 

13cr critical mass transfer number( H 
CHF Critical Heat Flux (kW/m 2) 
t; mass consumption rate of oxygen (glmn2-s)' 
CmSoich'(o stoichiometric mass consumption rate of oxygen 

W (g/m2-s) 
C() mass of oxygen consumed per unit mass of fuel 

(gig) 
Cp specific heat (kJ/g-K) 
.ACp difference between the heat capacities of the ex

tinguishing agent and the fire products (kJ/g-K) 
CDG Carbon Dioxide Generation calorimetry 
D optical density {(ln(lofl)l/t} (1/in) 
Dror metal corrosion (penetration depth or metal loss 

in microns, angstroms, mils) 
Ej total amount of heat generated in the combustion 

of a material (kJ) 
kvolume fraction of a product(

fp fire property 
FPI Fire Propagation Index 1000 (0.420* h)''TRP 

C7mass generation rate of product j (g/ni2-s) 
G-Aoich 4 stoichiometric mass generation rate of product j 

(g/m2-s) 
GTR Gas Temperature Rise calorimetry 
-AH heat of combustion per unit mass of fuel vapor

ized (kJ/g) 
AH(X) heat of complete combustion of CO (10 kJ/g) 
AHD heat of dissociation (kJ/g) 
e1H9 heat of gasification at ambient temperature (kJ/g) 
AH5 con flame convective energy transfer to the fuel per.  

unit mass of fuel gasified (kJ/g) 
iH0, heat of melting at the melting temperature (kJ/g) 

~AHT net heat of complete combustion per unit-of fuel 
vaporized (kj/g) 

A H, heat of vaporization at the vaporization tempera.  
ture (kJ/g) 

AH,, heat of gasification of water (2.58 kj/g) 
AHL net heat of complete combustion per unit mass of 

CO generated (kJ/g) 
AHL' net heat of complete combust~on per unit mass of 

C0 2 generated (kJ/g)

A~H1 

HRP 

k 

Mi 

MOD 
lilvir 
Oc

net heat of complete combustion per unit mass of 
oxygen consumed (kJ/g) 
Heat Release Parameter (AII/iHO) 
mass coefficient for the heat of coinbustiot, (kJ',gl 
fraction of light transmitted through smoke(
fire product 
thermal conductivity (kW/m-K) 
smoke point (m) 
optical path length (in) 
mass loss rate (g/1 2 .s) 
water application rate per unit surface area of the 
material (g/mn2 .s) 
molecular weight (.glmole) 
molar coefficient for the heat of combustion 
(ki/molej 
mass optical density (DV/Airfl (M2Ig) 
mass hlow rate of air (g/s) 
Oxygen Consumption calorimetry 
efternal heat flux (kW/m,2l 
flame heat flux (kW/m 2)

Q1 heat release rate per unit sample surface area 

heat release rate per unit sample wvidth (kW/nij 
'11corr corrosion rate (A/mmn) 
S stoichiometric mass air-to-fuel ratio (gig) 

I. time (s) 
If time at which there is no more vapor formation (s) 

to time at which the sample is exposed to heat (s) 
T temperature (K) 
AT. ignition temperature above ambient (K) 
TRIO Thermal Response Parameter IATjg(kpcp) 1/2 l 

u fire propagation rate [dXp/dt) (mm/s or mis) 
X co-flow air velocity (mis) 

V total volumetric flow rate of fire product-air mix
ture (m3/s) 

W total mass flow rate of the fire product-air mix
ture (gis) 

Wf total mass of the material lost in the flaming and 
nonflaming fire (g) 

Wi total mass of product j generated in the flaming 
and nonflaming fire (g) 

X, flame height (m or m~m) 
I) pyrolysis front (min or m) 
X, total length available for fire propagation (m or 

min.  
y, yield of product i (G'/rni) 

Y1. mass fraction of the extinguishing agent(
Yomass fraction of oxygen(

Greek 

a correlation coefficient (nonflaming fire)(
0correlation coefficient (transition region)(

6., energy associated with the blockage of flame heat flux 
to the surface and escape of fuel vapors per unit mass 
of the fuel gasified (kJ/g) 

e,~ water application efficiency 
If kinetic parameter for flame extinction 
k correlation coefficient (transition region)(
(1) equivalence ratio (Snr ar)~ 
Xch combustion efficiency (Q~j,/fiAHr) )
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Xc~ convective component of the combustion efficiency 

X,,, radiative component of thie combustion efficiency 

iq, generation efficiency (G;Ini'I')(
K ratio between the kinetic parameters for the larne 

temperature and adiabatic flamne temperatuire 
X wavelength of light (t.m) 
,a Stefan-Boltzinann constant (56.7 x 10 -12 

kW/m 2 -K4) 
r average specific extinction area (In 2/g) 

p. corrosion parameter (angstromn-minutes-mri units) 
P density (g/m1) 
vis stoichiometric coefficient of product i(
vo stoichiometric coefficient of oxygen (-) 
TI' stoichiometric yield for the maximum conversion of 

fuel to product j(
T1 o stoichiometric mass oxygen-to-fuel ratio (g/g) 

( ratio of fire properties for ventilat ion-control led to 
well-ventilated combustion 

Cmxid oxidation zone product generation efficiency ratio 

,,d reduction zone product generation efficiency ratio 

Subscripts 

a air or ambient 
ad adiabatic 
osv asymptotic 
ch chemnical 
con convective 
Corr corrosion 
Cr critical 
e external 
ex extinguishment 
f flame or fuel 
fc flame convective 
fr flame radiative 
g gas 
gcon flame convective energy for fuel gasification 

I chemical, convective, radiative 
ig ignition 

I fire product 
n net 
0 initial 
oxid oxidation- zone of a flame 
rod radiation 
red reduction zone of a flame 
stoich stoichiometric for the maximum possible conver

sion of fuel monomer to a product 
rr surface re-radiation 
s surface 
VC vent ilation-con trolled fire 
w water 
Wit well-ventilated fire 

S infinite amount of air 

Superscripts 

- per unit time (s) 
*per unit width (m 
*per unit area (m -2 )

Definitions 

Chemical heat 
of combustion 

Convective heat 
of comnbust ion 

Heat of 
gasification 
Heat release 
pa rameter 
Kinetic 
parameter for 
flame extinction 

1qet heat of 
complete 
combustion 

Radiative heat 
of combustion

calorific energy generated iin chemical 
reactions leading to varying degrees of 
incomplete combustion per unit fuel 
Mass conlsumled 
calorific energy carried away from the 
flame by the fire products-air mixture 
per unit fuel miass consumed 

*energy absorbed to vaporize a unit mass 
of fuel originally' at ambient temperature 
calorific energy geneirated per umnit 

-amount of calorific energy by thie fuel 
maximum fraction of combustion en
ergy that the flame react ions may lose to 
the sample surface by convection with
out flame extinction 
calorific energy generated in chemical 
reactions leading to complete combus-' tion, with water as a gas. per unit fuel 
mass consumed 
calorific energy emitted as thermal radi
ation from the flame per unit fuel mass' 
consumed

Abbreviations

ABS 
CPVC 
CR 
CSP (or CSM) 

CTFE 
E-CTFE 
EPR 
ETFE 
EVA 
FEP 

IPST 
PAN 
PC 
PE 
PEEK 
PES 
PEST 
PET 
PFA 
PMMA 
PO 
POM 
PP 
PS 
PTFE 
PU 
PVEST 
PVC12 
PVF 
PVF2 
PVC 
SBR 
TFE 
XLPE

acrylonitrile-bu lad iene-styrene 
chlorinated polyvinylchloride 
neoprene or chloroprene rubber 
chlorosulfonated polyethylene rubber 
(H-ypalon m ) 
chlorotrifluoroethylene (Kel-F"h) 
ethylene-chlorotrifluioroethylene (Halar'-) 
ethylene propylene rubber 
ethylenetetrafluoroethylene (Tefzel'") 
ethylvinyl acetate 
fluorinated polyethylene-polypropylene 
(Teflon"m )..  
isophthalic polyester 
polyacrylonitrile 
polycarbonate 
polyethylene 
polyethcr ether ketone 
polyethersulphone 
polyester 
polyethyleneterephtlialate (Melinex m , Mylar m ) 
perfluoroalkoxy (Teflon"i) 
polymethylmethacrylate 
polyolefin 
polyoxymethylene 
polypropylene 
polystyrene 
polytetrafluoroethylene (Teflon") 
polyurethane 
polyvinylester 
polyvinylidene chloride (Saran m ) 
polyvinyl fluoride (Tedlar m ) 
polyvinylidene fluoride (Kynar", Dyflorm ) 
polyvinylchloride 
styrene-butadiene rubber 
tetrafluoroethylene (Teflon m ) 
crosslinked polyethylene
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FIRE PROPERTIES OF MATERIALS FOR MODEL BASED 
ASSESSMENTS FOR HAZARDS AND PROTECTION NEEDS 

By 
A.Tewarson 

Factory Mutual Research Corporation 
1151 Boston-Providence Turnpike 

Norwood, MA 02062 U.S.A.  

Fire properties for model lased assessments for hazards and 
protection needs are identified and test methods used for their 
measurements are discussed. Four types of test methods are 
used: 1) Ignition, 2) Combustion (non-flaming: pyrolysis/ 
smoldering and flaming), 3) Fire Propagation, and 4) Flame 

o Extinction. The test methods are used to quantify: 1) Critical 
Heat Flux (CHF): it is used to estimate the strength of the 
ignition source to initiate a fire; 2) Thermal Response Parameter 
(TRP): it is used to estimate the delay in the fire initiation and 
rate of fire propagation; 3) stirface re-radiation loss: it is used 
to estimate the generation rate of the fuel vapors or the mass 
loss rate; 4) heat of gasification: it is used to estimate the 
generation rate of the fuel vapors or the mass loss rate; 5) flame 
heat flux: it is used to estimate the fire propagation rate and the 
generation rate of the fuel vapors or the mass loss rate); 6) yield 
of a product. it is used to estimate the generation rate of the 
product; 7) heat of combustion: it is used to estimate the heat 
release rate;, 8) Corrosion Index: it is used to estimate the 
corrosion damage by the fire products; 9) Flame Extinction 
Index: it is used for the estimation of fire protection -needs; 10) 
Fire Propagation Index (F7PI): it is used to classify the materials 
for their fire propagation behavior; 

The incorporation of the four tests methods in the most, 
widely used apparatuses are enum 'erated. The apparatuses are: 
1) the Ohio State University (OSU) Heat Release Apparatus; 2) 
the Flammability Apparatus at the Factory Mutual Research 

Corporation (FMRC), and 3) the Cone Calorimeter. Examples 
of the fire property data are included in tables.



INTRODUCTION

For better protection to life and prop .erty from fires, various design changes and 
modifications are performed on the materials, buildings and their furnishings, fire 
detection and fixed and mobile fire protection systems. The design changes and 
modifications are made based on the past fire loss experiences, small-scale "standard"' 
and full-scale fire test results and/or model based assessments. Small-scale "standard" 
test results are unreliable as they cannot account for the variations in the fire scenarios.  
Large-scale tests are expensive to perform and results cannot account for the variations 
in the fire scenarios either. Fire model based assessments for hazards and protection 
needs for the fire scenarios of concern are becoming more reliable and less expensive 
and thus their use is increasing rapidly.  

As a result of the rapid increase in the use of the fire models, there is a great 
demand for the fire property data. In order to satisfy this demand, four tests methods 
have been developed. The test methods are utilized in the following three most widely 
used apparatuses: 1) the Ohio State University (OSU) Heat Release Apparatus [1-3]; 
2) the Flammability Apparatus at the Factory Mutual Research Corporation (FMRC) 
[4-7], and 3) the Cone Calorimeter [8-10].  

FIRE PROPERTIES 

The fire properties are associated with the processes of ignition, combustion, fire 
propagation and flame extinction.  

Fire Properties Associated with the Ignition Process: the fire properties of a 
material associated with the ignition process are: 

1) Critical Heat Flux (CHF): it is the minimum heat flux at or below which 
there is no ignition. CHIF is independent of the fire scale; 

2) Thermal Response Parameter (TRP): it represents resistance of a material to 
generate flammable vapor-air mixture. It consists of the density, specific heat, 
thickness, thermal condctivity, and ignition temperature above ambient. The TRP 
value is independent of the fire scale.  

Fire Properties Associated with the Combustion Process: the combustion process 
can proceed with or without a flame. A combustion process without a flame, defined 
as non-flaming combustion process, proceeds as a result of the heat flux supplied to 
the material by external heat sources (pyrolysis) or by the heterogeneous reactions 
between the surface of the material and oxygen from air (smoldering). A combustion 
process with a flame, defined as flaming combustion process, proceeds as a result of 
the heat flux supplied by the flame of the burning material back to its own surface.  
The fire properties of a material associated with the combustion process are: 

1) Surface Re-Radiation Loss: it is the heat loss to the environment by the hot 
material surface via radiation. Surface re-radiation loss is independent of the fire scale; 

2) Heat of Gasification: it is the energy required to vaporize a unit mass of a 
material originally at the ambient temperature. .Heat of gasification is independent of 
the fire scale; 

3) Flame Heat Flux: it is the heat .flux supplied by the flame of the burning 
material back to its own surface. Flame heat flux is dependent on the fire scale; 

4) Yield of a Product: it is the mass of a product generated per unit mass of the 
material vaporized in non-flaming or. flaming combustion process. The yields of 
products are independent of the fire size for the buoyant turbulent diffusion flames, 
but depend on the fire ventilation; 

5) Heat of combustion: it is the energy generated in the flaming combustion 
process per unit mass of the material vaporized. If the material bumns completely with 
water as a gas, it is defined as the net heat of complete combustion. The energy generated



in the actual combustion of the material is defined as the chemical heat of combustion.  

The chemical heat of combustion has a convective and a radiative component. The 

convective heat of combustion is the energy carried away from the combustion zone by 
the flowing -product-air mixture. The radiative heat of combustion is the energy 

emitted to the environment from the combustion zone.  

The heat of combustion is independent of the fire size for the buoyant 

turbulent diffusion flames, but depends on the fire ventilation; 
6) Corrosion Index: it is the rate of corrosion per unit mass concentration of 

the material vapors. It is independent of the fire size.  

Fire Properties Associated with the Fire Propagation Process: fire propagation 
process is associated with the movement of a vaporizing area on the surface of a 

material. The rate of the movement of the vaporizing area on the surface is defined as 

the fire propagation rate. The fire property associated with the fire propagation 

process is the: 
Fire Propagation Index: it is related to the rate -of fire propagation beyond the 

ignition zone and is expressed as the ratio of the heat flux from the flame transferred 

back to the surface of the material to the Thermal Response Parameter of the material.  
It is independent of the fire size.  

Fi re Properties Associated with the Flame Extinction Process: flame extinction is 

achieved by applying the agent in the gas phase such as Halon or alternates or on to the 

surface such as water. The fire property associated wvith the flame extinction process 
is the: 

Flame Extinction Index: it is the mass fraction of an agent in the gas phase or on 

the surface of the burning material required for flame extinction. It is independent of 

the fire size for the buoyant turbulent diffusion flames, but depends on the fire 
ventilation.  

TEST APPARATUSES 

The most widely used apparatuses to measure the fire properties are: 1) the OSU Heat 
release Rate Apparatus, 2) the Flammability Apparatus, and 3) the Cone Calorimeter.  

The OSU Hleat Release Rate Apparatus: the apparatus is shown in Fig. 1. It was 

designed for the flaming fires by the Ohio State University in the early 70's. It is an 

ASTM standard test apparatus [1-3].  

The Flammability Apparatus: the apparatus is shown in Figs. -2A and 2B. It was 

designed by the Factory Mutual Research Corporation's (FMIRC in the early 70's for 

non-flaming, flaming and propagating fires [4-7]. It is the FMRC standard test 

apparatus for cables and wall and ceiling insulation materials (replacing the 25 ft

Corner -Test). It is being' proposed as an apparatus for the FMRC standard test for 

conveyor belts. It is used extensively for the evaluation of composite and packaging 
.materials,* storage commodities, nonthermal damage assessment for various 

occupancies, and minimum concentrations of agents (water and Halon alternates) 

required for flame extinction. Nonthermal damage is defined as the damage associated 

with the toxic and corrosive products, reduced visibility and smoke damage [11].  
.Recently a Fire Growth and Spread (FSG) model has been incorporated in to 

the Flammability Apparatus to assess the fire propagation behavior of the materials 

under various fire scenarios. The FSG model operates concurrently with the test being 

performed and the FSG model results are available at the end of the test.  

The Flammability Apparatus has a potential of being an advanced apparatus 

with model prediction capabilities for adoption by the ASTM, ISO, IEC, etc. for the 

examination of: a) flaming and non-flaming fires; b) upward and downward fire



propagation, b) nonthermal damage, and c) flame suppression and extinguishment by 
water, Halon alternates, inerts, dry powders, foams, water mist, etc.  

The Cone Calorimeter: the apparatus is shown in Fig. 3. It was designed by the 

National Institute of Standards and Technology's in the 90's [8-10]. It is an ASTM 

standard test apparatus. Several design features and testing pri 'nc -iples used in the Cone 

Calorimeter are taken from the Flammability Apparatus at FMRC, thus there are 

many similarities between the two apparatuses and equivalency of the data for ignition 

and combustion.  

TEST CONDITIONS IN THE APPARATUSES 

The test conditions used in the apparatus are listed in Table 1.  

Environment: the apparatuses are designed for co-flow and natural air flow conditions 

with normal air as well as with air-nitrogen or oxygen gas mixtures, and extinguishing 

agents such as water, Halon and alternates, inerts, .water mist, and foams. The gas 

velocity under co-flow is similar to one e xpected under natural air flow condition for a 

buoyant turbulent diffusion flame. Thus, results under well-ventilated co-flow 

condition are very similar to the results uhder natural flow condition.  
The OSU Apparatus uses the co-air flow, the Flammability Apparatus uses 

the co-air flow with 0 to 60 % oxygen and natural air, flow, and the Cone Calorimeter 

uses the natural air flow. The co-flow is used to examine the effects of ventilation, 
flame radiation, and gaseous flame extinguishing agents on the combustion and flame 

spread behaviors of the materials.  

External Heat Flux Capabilities of the Apparatuses: different types of external 

radiant heaters are used. The tungsten-quartz heaters used in the Flammability 

Apparatus expose the sample to a constant external heat flux value instantaneously.  

The sample can also be exposed to increasing rate of heat flux, as the controller for the 

tungsten-quartz lamps 5.kn be computer programmed for any desired rate of power 
input.  

In the OSU Apparatus (silicone carbide heater) and the Cone Calorimeter 

(electrical rod heater), power to the heaters is switched on prior to testing to achieve 

an equilibrium condition. The sample is inserted after the equilibrium condition has 

been achieved.  
The maximum external heat flux that can be applied to the sample surface in the 

0513 Apparatus and the Cone Calorimeter is 100 kW/m2, whereas it is 65 kW/m2 in 
the Flammability Apparatus.  

The external heaters are adjusted in the OSU Apparatus and the Cone 

Calorimeter to obtain reasonably constant heat flux initially at the sample surface; no 

consideration is given for regression of the surface as the sample vaporizes with surface 

contraction or expansion. The external heaters in the Flammability Apparatus are 

adjusted to obtain reasonably constant heat flux within a 100 x 100 x 100~mm three 

dimensional space. Thus the flux remains reasonably constant at the regressing or 

expanding surface as the sample vaporizes. The adjustment of the heaters for the three 

dimensional space, however, results in the reduction of the maximum value of the 

external heat flux.  
For the measurements of the fire pro perties, it is necessary to know the 

external heat flux value absorbed by the sample fairly accurately. The effects of in

depth adsorption of external heat flux and surface emissivity of the sample thus need, 

to be considered. These two factors are not considered in the OSU Apparatus and the 

Cone Calorimeter; in the Flammability Apparatus, their effects are reduced or 

eliminated by coating the sample surfaces with thin layers of fine graphite powder or 

they are painted black.



Table 1. Test Conditions, and Measurements in the OSU Apparatus, The 
Flammability Apparatus and the Cone Calorimeter 

Design and Test OSU Flammability Cone 
Conditions Apparatus' Apparatus Calorimeterb 

Design Features and Test Conditions 

Inlet gas flow Co-flow Co-& natural Natural 
flow 

Oxygen concentration (%) 21 0 to 60 21 

Gas velocity (m/s) 0.49 0 to 0.146 NA 

External heaters Silicon Tungsten- Electrical Coils 
Carbide Quartz 

External flux (kW/m2) 0 to 100 0 to 65 0 to 100 

Exhaust gas flow (m.1Is) 0.04 0.035 to 0.364 0.012 to 0.035 

Sample dimension (mm) 
horizontal 110 x 15 10 lOxl10 1 Oxl100 

vertical 150 x150 100 x600 100 x100 

Ignition Pilot flame Pilot flame Spark plug 

Heat release capacity (kW) 8 50 8 

Measurements 

Time to ignition yes yes yes 

Mass loss rate no yes yes 

Fire propagation rate no .yes no 

Product generation rates yes yes yes 

Light obscuration yes yes yes 

Smoke property no yes no 

Gas phase corrosion no yes no 

Chemical heat release rate yes yes yes 

Convective heat release rate yes yes no 

Radiative heat release rate no yes no 

Flame Extinction water and no yes no 
halon alternates 

2: as specified in the ASTM E 906-83 11-3 1; h:as specified in the ASTM E 13 54-90 
[8-10].  

Product Flow in the Apparatuses: the products generated in the tests are exhausted 
through the sampling ducts with forced flow. In the Flammability Apparatus and the.  
Cone Calorimeter, products mixed with air are captured in a sampling duct, where 
measurements are made for the gas temperature, total flow, concentrations of fire 
products, optical transmission, etc. The maximum exhaust flow in the Flammability 
Apparatus is about 10 times the maximum flow in the Cone Calorimeter. The OSU 
Apparatus does not use the exhaust sampling duct, but measurements are made at the 
top of the sample exposure chamber.



Sample Configuration and Dimensions Used in the Apparatuses: samples in 
horizontal and vertical sheet (two dimensional) and box-like (three-dimensional) 
configurations are used. The sample dimensions used in the horizontal and vertical 
sheet configurations are: 1) about 110 x 150mmn and about 150 x 150mmu in the OSU 
Apparatus respectively, 2) about 100 x 100 mm in the Cone Calorimeter in both the 
configurations, and 3) about 100 x 100 mm in the horizontal configuration and about 
100 mm wide and up to about 600 mm in the vertical configuration in the Flammability 
Apparatus.  

The box-like (three-dimensional) configuration is used only in the Flammability 
Apparatus. One to eight, 100 mm cube box-like samples, in one to four layers with 
one to four boxes per layer are used. Each box and layer is separated by about 10 mm.  
The two- rid three-dimensional vertical sample heights in the Flammability Apparatus 
are sufficient to perform the upward and downward fire propagation tests.  

Measurements in the Apparatuses: measurements are made for the time to ignition, 
mass loss rate, heat release rate, generation rates of products, optical transmission 
through smoke, fire propagation rate, metal corrosion rate, smoke damage (color and 
odor) and flame extinction, utilizing the four test methods described in the next section.  

THE IGNITION TEST METHOD 

The Ignition Test Method is used to determine: 1) the Critical Heat Flux (CHF) and 2) 
the Thermal. Response Parameter (TRP). In the test, flammable vapor-air mixture is 
created by exposing the sample to various external heat flux values:, The flammable 
mixture is ignited either by a small pilot flame (OSU and the Flammability 
Apparatuses) or by a spark plug (Cone Calorimeter).  

Several tests are performed with variable external heat flux values and time-to
ignition is measured in each test. External heat flux value at which there is no ignition 
for 15 minutes, taken as the CHF value, is also determined, such as indicated in Fig.4.  

The inverse of the time-to-ignition and its square-root are plotted against the 
external heat flux as shown in Fig. 4. The plot which shows a linear relationship, away 
from the CHF value, is used to obtain the TRP value. The TRP value is obtained from 
the inverse of the slope by performing a linear regression analysis. In Fig. 4, the 
square-root of the inverse of the time-to-ignition shows a linear relationship, which is a 
relationship for the thermally-thick materials [6,7,12,13]: .

1 = 4/it (qe.- CHF) 
tiJ(RP).,,

where t,5 is the time to ignition (sec), q is the external heat flux (kWfm 2), Cl-F is 

the Critical Heat Flux ^k/m 2), and (TRP)hiCk is the Thermal Response Parameter for 

thermally thick material (kW-s'12Im 2). (TRP)lh,:k is expressed as [6,7,12,131:

where k is the thermal conductivity (kW/m-K), cp is the specific heat (kJfkg-K), p is 

the density (kg/in3 ), Ti. is the ignition temperature (K), and T. is the ambient 

temperature (K).  
For a sample behaving as a ther-mally-thin material, the relationship between 

inverse of time to ignition and external heat flux is linear [6,7,12,13]:

-Jr...'

('I'RP),,.,,,= (kpc P ) 1 /2 (T, g - T.)



1 * _ (ir/4)(q'-CIMF)3 
tig (TRP)I,D (3 

where (TRP)hi,, is the Thermal Response Parameter for thermally-thin material 

(I/rn2 ). (TR)Ihkk is expressed as [6,7,12,131: 

where 6 is the thickness of the material (in).  

The Ignition Test Method is routinely used in the Flammability Apparatus ^ft 
FMRC. We have also used it to determine the TRP values from the time-to-ignition 
data measured in the Conie Calorimeter [14,15]. The CHF and TRP values for 
numerous materials, determined from the time-to- ignition data from the Flammability 
Apparatus and the Cone Calorimeter have been reported [6,7], an example is shown in 
Table 2. There is a reasonable agreement between the-TRP values obtained from the 
time-to- ignition data from the Flammability Apparatus and the Cone Calorimeter for 
the materials for which surface emissivities are close to unity.  

In general, physically thick matenials behave as thermally-thick materials and 
physically thin and expanded materials (foams) as thermally-thin materials. Materials 
with higher CIIF and TRP values have higher resistance to ignition and fire 
propagation. The effectiveness of the passive fire protection to resist ignition and fire 
propagation through fire retardancy, chemical structural changes, coatings, etc. can be 
assessed by the magnitude of the increase in the CLIP and TRP values. In general, 
materials with CHF value : 20 kW/m2 and (TR")Ihick value 450 kW-s11 2/M2 have a 

higher resistance to ignition and fire propagation.  
The CHF and TRP values are used in the assessment of the fire propagation 

behavior of the materials. For example, they are used in the FPI concept and the 
complementary FSG model predictions at FMRC. It would be useful if the Ignition 
Test Method is adopied in the ASTM E 906-83 (the OSU Apparatus) and ASTM E 
13 54-90 (the Cone Calormeter) such that model based assessments can be made for fire 
hazards and protection needs.  

THE COMBUSTION TEST METHOD 

The Combustion Test Method is used to determine: 1) surface re-radiation loss, 2) heat 
of gasification, 3) flame heat flux, 4) yields of products, 5) heats of combustion, and 6) 
Corrsion Index. In the test, the sample is exposed to various external heat values in a 
co-flowNing inert environment or air Mth 10 to 60 %/ oxygen concentration or in natural 
air flow.  

In the tests, measurements are made for the mass loss rate, heat release rate, 
generation rates of products, corrosion rate, optical transmission through the products, 
and smoke color and odor as functions of time and external heat flux.  

Mass Loss Rate (Generation Rate of Fuel Vapors) in the Non-Flaming 
Combustion Process 

The mass loss rate and its integrated value are measured as functions of time at three to 
four external heat flux values. The mass loss rate is plotted against the external heat 
flux value. From the inverse of the slope, the heat of gasification is determined using 
the linear regression analysis, as suggested by. the following relationship for the steady 
state condition [4,6]:



AH=q -r (5) 

where m"i is the mass loss rate (kg/m2-s), 4: is the external heat flux (kW/M2), 'ris 

the surface re-radiation loss (kW/nf) and AH, is the heat of gasification (kJlkg).  

Table 2 
Ignition Data for Materials

CHF2 (kWS ia/rn2) (TPP)ali 
Material (kW/m2 ) Flamm. App'. Coneb (k/m 2 ) 

Thermally-Thin Materials 

100 % cellulose 13 -- 159 

Corrugated paper 13 -- 385 

News paper I1 175 

Tissue paper 13 -- 130 

Polyester-I 1 161 

Polyester-2 17 -- 303 

Polypropylene-] 12 -- 278 

Polypropylene-2 8 -- 385 

Rayon 17 -- 227 

Polyester & Rayon I1 286 

Thermally-Thick Materials 

Polystyrene 13 162 -

Polypropylene 15 193 291 

Styrene-butadiene 10 198 -

Polyvinyl ester - - 263

Polyoxymethylene 13 269- 

Nylon 15 270 -

Poly methyl methacry late 11 274 380 

High density polyethylene 15 321 364 

Polycarbonate 15 331 -

Polyvinyichloride 10 194 285 

Epoxy fiberglass 10 156 198 

Phenolic fiberglass 33 105 172

Phenolic kevlar 20 185 258

a: from the lammablity Apparatus at 
in Refs. 14 and 15.

FMRC; b: calculated from the data reported



For the transient conditions, the linear regression analysis is performed using the 
relationship between the integrated values of the mass loss rate and the external heat 
flux value [4,6]: 

AH~ - *~ (6) Wr(t) 

where E,, is the net external energy (kJ) and Wf is the total mass lost (kg). In Eq. 6, 
E..(t) is determined from the following relationship:.  

E,(t) =A (- )t (7) 

where t. is the time at which the sample starts loosing its mass (s) and t, is the time at 
which the sample stops loosing its mass (s). 4r' value in Eqs. 5 and 7 is the external 

heat flux value at which there is no measurabl e mass loss rate. For higher accuracy, 
surface temperature is measured as a function of time to determine the qvalue. The 
Wf (t) value in Eq. 6 is determined from the following relationship: 

W,(t)= A r m;(t)At. (8) 
U -t 

The heat of gasification and surface re-radiation loss values for numerous materials 
from the mass loss rate measurements for non-flaming fires in the Flammability 
Apparatus have been reported f 4,6]; table 3 shows an example. The heat of 
gasification values from the mass loss rates for flaming fires at high external heat flux 
values in the Cone Calorimeter have also been calculated (4,6]. 'As can be noted in 
Table .3, the heat of gasification values from the data from the Flammability Apparatus, 
the Cone Calorimeter and the Differential Scanning Calorimeter show reasonable 
agreement.  

Materials with higher values of surface re-radiation loss and heat of gasification 
have low intensity fires and generate lower amounts of products. the effectiveness of 
the passive fire protection through fire retardancy, chemical structural changes, 
coatings, and others can be assessed through the magnitude of the increase in the values 
of the surface re-radiation loss and heat of gasification.  

The surface re-radiation loss and heat of gasification values are used as direct 
inputs to the FSG model in the Flammability Apparatus to predict the fire propagation 
rate. Alternately, the mass loss rate as a function of time at three external heat flux 
values is used directly by the FSG model in the Flammability Apparatus to predict the 
fire propagation rate.  

It would be useful if the Combustion Test Method for the heat of gasification 
and surface re-radiation loss is adopted in the ASTM E 906-83 (the OSU Apparatus) 
and ASTM E 1354-90 (the Cone Calorimeter) such that model based assessments can 
be made for fire hazards and protection needs.  

Mass Loss Rate (Generation Rate of Fuel Vapors) in the Flaming Combustion 
Process 

The mass loss rate in the flaming combustion process is higher than in the non-flaming 
combustion process because of the additional heat flux from the flame: 

where is the radiative heat flux and 4q, is the convective heat flux from the flame 

of the burning material transferred back to its own surface (kW/4?.



In the absence of the external heat flux, Eq. 9 becomes:

iTIh + d ;r/A1I

Results from numerous small- and large-scale fire tests show that as the surface area of 
the material increases, the radiative heat flux from the flame increases and reaches an 

asymptotic limit, whereas the convective heat flux from the flame decreases and 
becomes much smaller than the radiative heat flux at the asymptotic limit [6,16). With 
increase in the surface area, however, there is an over all increase in the heat flux from 
the flame, resulting in the increase in the mass loss rate. In large fires, the flame heat 
flux and the mass loss rate per unit surface area both reach constant asymptotic values.  

Table 3 
Surface Re-Radiation and Heat of-Gasification 

Surface Re- Heat of Gasification Large-Scale 
Material' Radiation (MJfkg) Flame Heat 

Los Flamm. Cone DSCb Fluxm2 

(kW/m2 ) App k/2 

Water 1.0 2.58 - 2.59

Wood (Douglas fir) 10 1.8- 

Particle board - - 3.9 -

Polypropylene 15 2.0 1.4 2.0 67 

Polyethylene (Id) 15 1.8 - 1.9 61 

Polyethylene (hd) 15 2.3 1.9 2.2 61 

Polyethylene/25% Cl 12 2.1 - -

Polyethylene/36% Cl 12 3.0 -

Polyethylenef48% Cl .10 3.1 -

Polyvinylichloride (PVC) 15 2.5 2.3 -50 

PVC, LOI 0.20 10 2.5 2.4 .-

PVC, LOT = 0.30 - - 2.1 -

PVC, LOT = 0.35 -- 2.4 -

PVC, LOI = 0.50- - 2.3 -

Polyoxymethylene 13 2.4 - 2.4 50 

Poly methyl methac rylIate 11 1.6 1.4 1.6 60 

ABS 10 3.2 2.6 -

Polystyrene 13 1.7 2.2 1.8 75 

IPU foams (flexible) 16-19 1.2-2.7 2.4 1.4 64-76 

a: Id: low denaity; hd: high density; Cl: chlorine; 01: oxygen index; ABS: acrylonitrile
butadiene-styrene; PU: polyurethane; b: Differential Scanning Calorimeter 

In small-scale fires, for a fixed area of the sample, the increase in the oxygen mass



fraction (Y.) results in an increase in the radiative heat flux from the flame and decrease 
in the convective heat flux [6,16]. For YO : 0.30, the radiative heat flux from the flame 
reaches an asymptotic limit comparable to the limit for large-scale fires burning in the 
open [6,16]. The convective heat flux from the flame becomes much smaller than the 
radiative heat flux for Y. 2: 0.30, similar to the value for the large-cl fires 66.  

The dependency of the radiative and convective flame heat fluxes on the mass 
fraction of oxygen in co-flowing air in a small scale fire is shown in Fig. 5 for 100-x 
100-mm x 25-mmn thick slab of polypropylene, where data are from the Flammability 
Apparatus [6,16]. The increase in the flame radiative heat flux with Y. is explained as 
due to the increase in the flame temperature and soot formation and decrease in the 
residence time in the flame [16]. The technique of Y. variations to simulate large-scale 
flame radiative heat flux conditions in small-scale flammability experiments is defined 

as the Flante Radiation Scaling Technique [6,161.  
In the Flame Radiation Scaling Technique, the heat flux from the flame is 

determined by performing the combustion tests at Y. 0 values in the range of 0.233 to 
0.600, without the external heat flux and measuring the mass loss rate in each test and 
substituting the data in Eq. 10. Table 3 lists examples of the data obtained by the 
Flame Radiation Scaling Technique in thq Flammability Apparatus.  

The asymptotic values of the heat flux from the flame using the Flame 
Radiation Scaling Technique in the Flammability Apparatus show good agreement with 
the values obtained directly from the large-scale fire tests [6,16]. The asymptotic 
values of the heat flux from the flame vary from 22 to 77 kW/m2 , dependent primarily 
on the pyrolysis mode rather than on the chemical structures of the materials. For 
examples, for liquids, which vaporize primarily as monomers or as very low molecular 
weight oligomer, the asymptotic values of the heat flux from the flame are in the range 

of 22 to 44 kW/m 2, irrespective of their chemical structures. For polymers, which 
vaporize as high molecular weight oligomer, the asymptotic values of the heat flux from 
the flame increase substantially to the range of 49 to 71 kW/m 2, irrespective of their 
chemical structures. The independence of the asymptotic flame heat flux value from the 
chemical structure is consistent with the dependence of the flame radiation on optical 
thickness, soot concentration and flame temperature. The flame heat flux is one of the 
pertinent fire properties of materials used in the models to assess hazards and 
protection needs.  

It would be useful if the Combustion Test Method for the Flame Radiation 
Scaling Technique is adopted in the ASTM E 906-83 (the OSU Apparatus) and 
ASTM E 1354-90 (the Cone Calorimeter) such that model based assessments can be 
made for fire hazards and protection needs.  

Generation Rate of Products 

The generation rates of major products (CO,..C2' smoke and hydrocarbons) and 
depletion rate of oxygen and their integrated values are measured as functions of time at 
several external heat flux values in the non-flaming and flaming fires in the OSU 
Apparatus, in the Flammability Apparatus, and the Cone Calorimeter.  

There is a direct proportionality between generation rate of a product and the 
mass loss rate or the total mass of the product generated to the total mass of the 
material lost [6,7]: 

i =yr (11)

W y1 W r



where Gis the generation rate of product j (kg/M 2-S), m 'is the mass loss rate (kg/rn 2

s), W, is the total mass of the product generated (kg), Wf is total mass of the material 
lost (kg), which is determined from Eq. 8 and the proportionality constant y1 is defined 
as the yield of the product (kg/kg). Wi is determined from the following relationship: 

=j A G;(tQAt. (13) 

The generation rates of products depend on the chemical structure of the material and 
additives, fire size, and ventilation. The yields of products for buoyant turbulent 
diffusion flames are independent of the fire size but depend on the fire ventilation [6].  
For the model based assessments of hazards and protection needs, average yields of 
products are reported for the non-flaming and flaming combustion tests. The average 
yield of each product is determined from the ratio of the total mass of the product 
generated to the total mass of the material lost (Eq. 12). Extensive data tabulation for 
the average yields of products for variety of materials have been reported in Ref. 6; 
Table 4 shows an example of the data.  

The yields of products associated. with complete combustion such as CO2, are 
higher for materials with aliphatic, carbon-hydrogen-oxygen containing structures The 
yields of products associated with incomplete combustion, such as CO and smoke, 
increase with increase in the chemical bond un-saturation, aromatic nature of the bonds, 
and introduction of the halogen atoms into the chemnical structure of the material. The 
yields of products are used in fire models to assess hazards and protection needs in 
conjunction with the mass loss rate, such as the combination of Eqs. 9 and 11: 

C.'= (yj/AH)(q, + q'fr 4 - q)d (14) 

where y j /AH 9is defined as the Product Generation Parameter (PGP). PGP is a 
property of the material, its value for buoyant turbulent diffusion flame is independent 
of the fire size, but depends on the fire ventilation.  

The hazards in fires are due to generation of heat and products. With increase 
in the generation rates of the products associated with the complete combustion, such 
as C02' the heat release rate increases with enhancement of hazard due to heat (thermal 
hazard). On the other hand, with the increase in the generation rates of the products 
associated with incomplete combustion, such as CO and smoke, hazard due to toxicity, 
corrosivity, reduced visibility and smoke damage (nonthermal hazard) increases.  
Equation 14 shows that the generation rates of products can increase by changes in 
several factors, alone or in combination. The factors are: 1) yields of the products, 2) 
heat of gasification of the material; 3) surface re-radiation loss for the material, 4) 
radiative and convective heat fluxes from the flame of the burning material transferred 
back to its own surface, i.e., fire size, 5) exiernal heat flux, and 6) extent of fire 
propagation, i.e., area

The external and flame heat fluxes and extent of fire propagation are strongly 
dependent on the fire scenarios and are usually incorporated into the models through 
various heat flux correlations and/or heat flux data and fire propagation models, such as 
the FSG model at FMRC in the Flammability Apparatus. The yields of products and 
heats of gasification, separately or as ratios (Product Generation Parameter) are used as 
input parameters.  

The PGP value of each product is quantified by measuring the generation rate 
of the product at three or four external heat flux values, plotting the generation rate 
against the external heat flux and determining the slope by the linear regression 
analysis. Figure 6 shows an example for the steady state condition. For fires, where



PE + 36 % Chlorine 0.051 0.139

steady state condition cannot be achieved, PGP values are determined by plotting the 
values of W, calculated from Eq. 13 and E,, calculated from Eq. 7. The technique is 
used routinely in the Flammability Apparatus and can also be used in the OSU 
Apparatus and the Cone Calorimeter. Table 5 shows an example of the data for PGP 
values for CO and smoke from the Flammability Apparatus (see Tables 3 and 4).  

Table 4 
Yields of Major Products and Heats of Combustion of Materials' 

Yield (kg/kg) Heat of Coznbustionb 

Material (MJ/kg) 

CO, Co I Smoke Chemf Con IRad 

Gases 

Ethylene 2.72 0.013 0.043 41.5 27.3 14.2 

Propylene 2.74 0.017 0.095 40.5 25.6 14.9 

1,3-Butadiene 2.46 0.048 0.125 33.6 15.4 18.2 

Acetylene 2.60 0.042 0.096 36.7 18.7 118.0 

_________________Liquids 

Ethyl alcohol 1.77 0.001 0.008 25.6 19.0 6.5 

Acetone 2.14 0.003 0.014 27.9 20.3 7.6 

Heptane 2.85 0.010 0.037 41.2 27.6 13.6 

Octane 2.84 0.011 j0.038 41.0 27.3 13.7 

Kerosene 2.83 0.012 0.042 40.3 26.2 14.1 

Solids 

News paper 1.32 - -14.4 -

Wood (red oak) 1.27 0.004 0.015 12.4 7.8 4.6 

Wood (Douglas fir) 1.31 0.004 - 13.0 8.1 4.9 

Wood (pine) 1.33 0.005 - 12.4 8.7 3.7 

Corrugated paper 1.22 - - 13.2 

Wood (hemlock)c 1.22 - 0.015 13.3 

Wool 100% 1.79 - 0.008 19.5 -

ABSc~d - - 0.105 30.0 

Polyoxymethylene 1.40 0.001 - 14.4 111.2 3.2 

Polymethyl methcryl ate 2.12 0.010 0.022 24.2 16.6 7.6 

Polyethylene (PE) 2.76 0.024 0.060 38.4 21.8 16.61 

Polypropylene 2.79 10.024 0.059 38.6 22.6 16.0 

Polystyrene 2.33 0.060 0.164 27.0 111.0 16.0 

Silicone 0.96 0.021 0.065 10.6 7.3 3.3 

PE +25 %Chlorine . 1.71 0.042 0.115 22.6 10.0 12.61



Yield (kg/kg) Heat of Combustionb 
Material (MJ/kg) 

CO02 TCO Smoke Chem Con Rad 

PE +48 %Chlorine .0.59 0.049 0.134 7.2 3.9 3.3 

Polyvinylchloride (PVC) 0.46 0.063 0,172 5.7 3.1 2.6 

PVC-1e (LOI=-0.50) 0.64 - 0.098 7.7 

PVC-2c (LOI=-0.50) 0.69 - 0.076 8.3 

PVCC( LOT 0.20) 0.93 - 0.099 11.3 -

PVC- ( LOI =0.25) 0.81 - 0.078 9.8 

PVC- (L1,01 0.30) 0.85 - 0.098 .10.3 -

pvce (1,01= 0.35) 0.89 - 0.088 10.8 

PEEK-fiber glass (FG)c.d 1.88 - 0.042 20.5 -

Polyester]l- FGC 2.52 - 0.049 27.5 -

Polyester2- FG' 1.47 - - 16.0 

Polyester3- FGC 1.18 - - 12.9 

Polyester4-FG 1.74 - - 19.0 

Polyester5-FG 1.28 - - 13.9 -

Polyester6-FG 1.47 0.055 0.070 .17.9 10.7 7.2 

Polyester7-FG 1.24 0.039 0.054 16.0 9.9 6.1 

Polyester8-FG 0.71 0.102 0,.068 9.3 6.5 2.8 

Epoxy I FGe 2.52 - 0.056 27.5 -

Epoxy2-FG 1.10 0.166 0.128 11.9 -

Epoxy3-FG 0.92 0.113 0.188 10.0 -

Epoxy4-FG 0.94 0.132 0.094 10.2 -

Epoxy5-FG 1.71 0.052 0.121 18.6 -

Epoxy-FG-paint 0.83 0.114 0.166 11.3 6.2 5.1 

Phenolicl-FG 0.98 0.066 0.023 11.9 -

Phenolic2-FG' 2.02 - 0.016 22.0 -

Phenol ic-FG-pain. .1.49 0.027 0.059 22.9 111 .5 11.4 

Epoxy-FG-Phenolic 1.06 0.134 0.089 11.5 

Vinylester-FG 2.39 - 0,079 26.0 

ppSd-FG 1.56 0.133 0.098 17.0 -

Phenolic-Keviar 1.27 0.025 0.041 14.8 11.1 3.7 

Epoxy-Kevlar-paint 0.873 0.091 0.126 11.4 16.3 5.1 

a: Data from the Flammability Apparatus; b: Chem:chemical; Con: convective; 
Rad: radiative; c: from the Cone Calorimeter [14 and 15]; d: ABS- acrylonitrile

butadiene-styrene; PEEK: polyether-ether ketone; PPS- polyphenylene sulfide.



Table 5 
Carbon Monoxide and Smoke Generation Parameters

Product Generation Parameter (g/MJ) 
Material' CO Smoke 

Wood (red oak) 2.2 8.3 

Polypropylene 12 .30 

Polyethylene (Id) 13 33 

Polyethylene (hd) 10 26 

Polyethylenef25% Cl 20 55 

Polyethylene/36% CI 17 46 

Polyethylene/48% Cl 16 -43 

Polyvinyichloride (PVC) 25 69 

Polyoxymethylene 0.42 0 

Poly methyl meth acry late 6.3 14 

Polystyrene 35 96' 

It would be useful if the Combustion Test Method for the determination of the 
Product Generation Parameter be adopted in the ASTM E 906-83 (the OSU 
Apparatus) and ASTM E 13 54-90 (the Cone Calorimeter) such that model based 
assessments can be made for fire hazards associated with the fire Products and 
protection needs.  

Heat Release Rate 

The chemnical, convective, and radiative heat release rates and their integrated values are 
measured as functions of time at several external heat flux values in the flaming fires.  
Heat release rate in combustion reactions, within a flame, is defined as the chemical 
heat release rate [6]. The chemical heat released within the flame is carried away from 
the flame by flowing product-air mixture and is emitted to the environment as 
radiation. The component of the chemical heat release rate carried away by the flowing 
products-air mixture is defined as the convective heat release rate 16]. The component 
of the chemical heat release rate emitted to the environment is defined as the radiative 
heat release rate 16].  

The chemical heat release rate is determined from the Carbon Dioxide 
Generation (CDG) [6] and Oxygen Consumption (OC) Calorimetries [6,8]. In the 
CDG Calorimetry, the chemical heat release rate is determined from the mass 
generation rate of CO2 corrected for CO [6]. In the OC Calorimetry, the chemical heat 

release rate is determined from the mass consumption rate of 02 [6,8]. The convective 

heat release rate is determined from the Gas Temperature Rise (0T) Calorimetry by 
measuring the gas temperature above ambient and the total mass flow rate [1,6]. The 
radiative heat release rate is determined from the difference between the chemical and 
convective heat release rates [6].  

The OSU Apparatus is designed to use the GTR calorimetry [1-3], but now 
also uses the OC calorimetry. The Flammability Apparatus is designed to use CDG, 
OC, and GTR calorimetries [6]. The Cone Calorimeter is designed to use the OC 
Calorimetry [8].  

The chemical heat release rate follows the same relationships as the generation



rates of products (Eqs. 11,12,14). The heat release rate relationship analogues to the 
relationships for the generation rates of products (Eqs. I11 and 12) are: 

= H AIh (15) 

E= AIW( (16) 

where subscript i represents chemical, convective, or radiative, Ei is the chemical, 
convective, or radiative energy (Mi) and the proportionality constant ATA. is defined as 

the chemical, convective, or radiative heat of combustion (MJ/kg). E1 is determined 

from the following relationship: 

E. A y~ oQ(t)At. (17) 

The heat release rate depends on the chemical structure of the material and additives, 
fire size, and ventilation. The chemical, convective, and radiative heats of combustion 
for buoyant turbulent diffusion flames are independent of the fire size but depend on 

the fire ventilation [6]. For the model based assessments of hazards and protection 
needs, average heats of combustion are reported. The average heat of combustion is 
determined from the ratio of the energy to the total mass of the material lost (Eq. 16).  
Extensive data tabulation for the average chemical, convective, and radiative heats of 

combustion for variety of materials have been reported in Ref. 6; Table 4 shows an 
example of the data

Techemical and convective heats of combustion are generally higher and the 
radiative heat of combustion is generally lower for materials with aliphatic,, carbon
hydrogen-oxygen containing structures. The chemical and convective heats of 

combustion decrease with increase in the chemical bond un-saturation, aromatic nature 
of the bonds, and introduction of the halogen atoms into the chemical structure of the 
material. The heats of combusti3n are used in fire models to assess hazards and 
protection needs in conjunction with the mass loss rate, such as. the combination of 
Eqs. 9 and 15: 

=(AHI/AH,)((i* + q;, + 4If, q )(8 

where AH./AH8 is &.fined as the Heat Release Parameter (7IRP). ARP is aproperty 

of the material, its value for buoyant turbulent diffusion flame is independent of the 
fire size, but depends on the fire ventilation.  

The hazards in fires are due to generation of heat and products. With increase 
in the heat release rate, the thermal hazard increases. Equation 18 shows that the heat 
release rate increases by changes in several factors, alone or in combination. The 
factors are: 1) heat of combustion of the material, 2) heat of gasification of the material; 
3) surface re-radiation loss for the material, 4) radiative and convective heat fluxes from 

the flame of the burning material transferred back to its own surface, i.e., fire size, 5) 
external heat flux, and 6) extent of fire propagation, i.e., area.  

The external and flame heat fluxes and extent of fire propagation are strongly 

dependent on the fire scenarios and are usually incorporated into the models through 
various heat flux correlations and/or heat flux data and fire propagation models, such as 

the FSG model at FMRC in the Flammability Apparatus. The heat of combustion and 

heats of gasification, separately or as ratios (Heat Release Parameter) are used as input 

p arameters.  
The chemical, convective, and radiative HRP values are quantified by measuring



the chemical and convective heat release rates (radiative heat release rate by difference) 
at three or four external heat flux values, plotting the beat release rate against the 
external heat flux and determining the slope by the linear regression analysis. Figure 7 
shows an example for the steady state condition. For fires, where steady state 
condition cannot be achieved, such as shown in Fig. 8, the HIRP values are determined 
by p lotting the values of E, calculated from Eq. 17 and E~ calculated from Eq. 7. The 

technique is used routinely in the Flammability Apparatus and can also be used in the 

OSU Apparatus and the Cone Calorimeter. Table 6 shows an example of the data for 
the chemical and convective FIRP values from the OSU Apparatus, the Flammability 
Apparatus and the Cone Calorimeter taken from Ref. 6.  

Table 6 
The Chemical and Convective Heat Release Parameters" 

HRP-Chemical HRP-Convective 
Materials Flamm.App. Coe Flamm.App. [ SU 

ABS - 14 

Polyamide 21 21-

Polypropylene 19 - 1 

Polyethylene 17 21 12 

Polystyrene 16 19 6 

Poly methylImethacrylIate 15 14 10 

Nylon 12 - 7 

Polyoxymethylene 6 -5 

Polyethylene /25 % Cl 11I - 5 

PVC, LOI 0.25 -5 -

PVC, LOI 0.30 5 

PVC, LOI 0.30 -5-

Polyethylene/36 % Cl 4 -

PVC, LOI 0.50 - 3 

Rigid PVC 2 3 1

Polyethylene/48 % Cl 2 -

ETFE (Tefzel) 6 

PFA (Teflon) 5

FEP (Teflon) 2

TFE (Teflon) 2

Wood (Douglas fir) 7 - 5 

Epooxy-FG 4 5 2 1 

Epoxy/kevlar 4 4-2 2 

Phenolic-FG 4 3 2 1 

a: from Ref. 6.



The HRP values from the OSU Apparatus, the Flammability Apparatus, and the Cone 
Calorimeter are in reasonable agreement 

It would be useful if the Combustion Test Method for the determination of the 
Heat Release Parameter be adopted in the ASIM E 906-83 (the OSU Apparatus) and 
ASTM E 13 54-90 (the Cone Calorimeter) such that model based assessments can be 
made for fire hazards associated with the fire products and protection needs.  

THE FIRE PROPAGATION TEST MEHTOD 

Fire propagation process is associated with the movement of a vaporizing area of a 
material on its surface. The rate of the movement of the vaporizing area on the surface 
is defined as the fire propagation rate. The vaporizing area is defined as the pyrolysis 
front.  

Fire propagation tests are performed in the Flammability Apparatus, but not in 
the OSU Apparatus and the Cone Calorimeter. The fire propagation test in the 
Flammability Apparqtus can be considered as a larger version of the ASTM D-2863 
Oxygen Index test, with an ignition zone provided by four external heaters (Fig. 2B3). In 
the test downward and upward fire propagation are examined under co-flowing air 
with the oxygen mass fraction (Y.) in the range 0 to 0.60 [6,7,12,13]. Materials as 

vertical slabs and cylinders of up to 600 mm in length and up to about 25-mm in 
thickness, 100-mm in width or 50-mm in diameter are used. Pyrolysis front flame 
height, chemical, convective, and radiative heat release rates, and generation rates of 
products are measured during fire propagation.  

The Downward Fire Propagation 

Figures 9 and 10 show the fire propagation data for 25-mm thick, 100-mm wide, and 
300-mm long vertical slab of polymethyl- methacrylate, taken from Ref.12. The 
slopes of the lines represent the fire propagation rate. Figure 9 shows the pyrolysis 
front for Y. = 0.334. Figure 10 shows the chemical heat rate accompanying the 

pyrolysis front for the downward fire propagation for Y. = 0.446 and for the burning 

of the entire slab after the flame reaches the bottom of the slab for Y. <50.233. The 

flame extinction occurs at Y.= 0. 178, in excellent agreement with the predicted value 

of 0. 18 and values measured by other researchers for larger samples [12]. The Y. value 

for flame extinction in the Flammability Apparatus (buoyant turbulent diffusion flame) 
is lower than from the Oxygen Index (laminar flame) as expected.  

Numerous studies have been performed to examine the effects of Y. on fire 

propagation (reviewed in Ref. 12). An example is shown in Fig. I1I for the downward 

fire propagation rates versus Y.for the polymethylmethacrylate slab with width :5 25

mm and length :5 300 mm (data from the studies reviewed in Ref. 12). The data show 

that for Y. <0.30, fire propagation rate decreases rapidly and approaches the flame 

extinction zone for Y. = 0. 178, in excellent agreement with the flame extinction value in 

Fig. 10 and predicted value of Y. 0. 18 [12].  

The Upward Fire Propagation 

Figure 12 shows the pyrolysis front for the upward fire propagation for 25-mm 
diameter, 600-mm long vertical cylinder of polymethyl- methacrylate in co-flowing air 
with Y. = 0.233, 0.279, and 0.446. The data are from the Flammability Apparatus at 

FMRC [12]. The upward fire propagation is much faster than the downward fire 
propagation as expected due to differences in the heat flux transfere by the flame.  

The slopes of the lines in Fig. 12 represent the fire propagation rate, which



increases with the increase in the mass fraction of oxygen. This behavior is not a 

surprise as Flame Radiation Scaling Technique shows that flame heat flux transferred 
back to the surface of the material increase with Y..  

The upward fire propagation rate in the direction of air flow for thermally thick 
materials is expressed as [6]: 

1/2 _____ ~8 
u (18 

AT,. 4(kpc-, 

where u is the fire propagation rate in mis; bf is an effective flame heat transfer 

distance (in) generally assumed to be a constant 4; is the heat flux transferred from the 

propagating flame ahead of the pyrolysis front (kW/m2), and A,, [kpc, 'is the 

Thermal Response Parameter (TRP) for the thermally thick materials in kW-s 1 / 2 

(Eq. 2).  

Through data correlations, it has been shown that the heat flux transferred from 

the propagating flame ahead of the pyrolysis front satisfies the following relationship 

[6]: 

h O4Q)'' (19) 

where O'Chis the chemical heat release rate per unit width or circumference of the 

material as a slab or a cylinder respectively (kWfm). From Eqs. 18 and 19: 

u"1 2  0.42ch)" (20) 
AT,,V(kpc, 

The right hand side of Eq. 20, with a proportionality constant assumed to be 1000, 

in kW/m and AT,, kpc, in kW-s"m, is defined as the Fire Propagation 

Index (EPI) [6,7,17]: 

(0.42Q',) '/3 

FPI = 1000 TR (21) 

Classification of Materials Based on Their Fire Propagation Behavior 

The following FPI values, based on the data from the Flammability Apparatus with 

validation in the large-scale fires, have been found. to characterize the general fire 
propagation behavior of materials [6,7,17]: 

1) FPI :5 7: no fire propagation beyond the ignition zone. Materials are 
idenifid a no-propagating Group N-1 materials. Flame is at the critical extinctio 

condition; 

2) 7 < FPI < 10: decelerating fire propagation beyond. the ignition zone.  

Materials are identified as Group D-1 materials. Fire propagates beyond the ignition 

zone although in a decelerating fashion. Fire propagation beyond the ignition zone is 

limited-

3) 10 :5 FPI1 < 20: fire propagates slowly beyond the ignition zone. Materials



are identified as propagating Group P-2 materials;

4) FPI ! 20: Fire propagates rapidly beyond the ignition zone. Materials are 

identified as propagating Group P-3 materials.  

F or the classification of material for their fire propagation behavior, the Fire 

Propagation Index Test is performed and materials are classified as Group 1, 2, or 3 
materials.  

The Fire Propagation Index (FF1) Test 

Two sets of tests are performed: 

1) 71ermal espoase Parameter Tes : ignition test is performed'for up to 100- x 

100-mm or 100-mmn diameter and up to 25-mm thick sample in the Flammability 

Apparatus (Fig. 2A) and the Thermal Response Parameter (TRP) value is determined 

from the time to ignition versus external heat flux relationship (Eqs. 1 or 3).  

2) Upard ire ropaain.I L fire propagation test is performed for 

vertical slabs, sheets, or cylinders in the Flammability Apparatus (Fig. 2B). About 25

mmn thick, 100-mm wide slabs or 50-mm diameter cylinders with lengths of up to about 

600-mm long are used. The bottom 120- to 200-mm of the sample is kept in the 

ignition zone, where it is exposed to 50 kW/m2 of external heat flux in the presence of a 

pilot flame. Beyond the ignition zone, fire propagates by itself, under co-air flow 

condition with Y.= 0.40. During upward fire propagation, measurements are made for 

the chemical heat release rate and generation rates of the fire products as functions of 
time.  

The TRP value and the chemical heat release rate are used in Eq. 21 to calculate 

the Fire Propagation Index (FPI) value as a function of time and determine the 
propagating and non-propagating fire behavior of the material. An example is shown in 

Fig. 13 for five composite systems [17]. In the tests, there was no fire propagation 

beyond the ignition zone for all the systems, the FPI values are less than 5, and thus 
the composites are identified as non-propagating, Group IN materials.  

The FPI test procedure for electrical cables is the FMvRC cable standard [18], 
where cables are classified as Group I (FPI< 10)- non-propagating or decelerating, 

Group 2 (10 :5 FPI< 20) - slowly propagating, and.-Group 3 (FPI 20)- rapidly 
propagating. The FPI test procedure has also been adoped as a EMRC standard for 

conveyor belts [19, to be issued shortly]. It is also being used to classify wall and 
ceiling insulation panels with modifications [20,21], ducts, chutes, clean room 

materials, and others. Table 7 lists examples of the FPI values quantified in the 
Flammability Apparatus.  

Fire Propagation Index (FPI) is one of the most important fire properties of 
materials to assess fire hazards and protection needs. Increasing the TRP value and 

decreasing the heat release rate for materials by various passive fire protection 
techniques would decrease the FPI value and change the fire propagation behavior from 
propagating to decelerating to non-propagating. Passive fire protection techniques 

could involve modifications of chemical structures, incorporation of fire retardants, and 

changes in the shape, size, and arrangements of the materials, use of coatings, inert 

barriers. Heat release rate could also be reduced by the application of active fire 

protection agents such as water, foam, inert, dry powders, Halon and alternates, etc.  
Recently the Fire Spread and Growth (FSG) model has been incorporated into 

the Flammability Apparatus at FMRC to assess the fire propagation behavior of the 

materials under various fire scenarios, complementing the FPI based classification of 

materials. The FSG model operates concurrently with the test being performed and the 

FSG model results are available at the end. of the test. The fire propagation rate



t.

predictions by the FSG model so far supports the FPI classification.  
In thefluture, it is anticipated that the EPI test classifi cation will be replaced by 

the Flammability 4pparatus based test methodology using the FSG model assessments 
with risk profile predictions using a FMRC risk model currently under development.  

The Flammability Apparatus with FSG and risk models has a potential of being 
considered as an apparatus with advance test procedures for adoption by the ASTM 
ISO, IEC; and others.  

Table 7 
Fire Propagation Index Values for Materials' 

Diameter/ FPI Group Fire 
Materialsb Thickness Propagation' 

Synthetic Polymers 

Poly methylImeth acry late 25 30 3 P 

Fire retarded polypropylene >> 10 3 P 

Electrical Cable Insulation and Jacket 

PVC/PVC (power) 4-13 11-28 2-3 P 

PVC/PVC (communications) 4 36 3 P 

PEIPVC (power) 11 16-23 3 P 

PE/PVC (communications) 4 28 3 P 

PVC/PE (power) 34 13 2 P 

PVC/PVF (communications) 5 7 1 N 

Silicone/PVC (power) 16 1 7 2 P 

Silicone/XLPO (power) 55 6-8 1 N-D 

Si/XLPO (communications) 28 8 1 D 

EP/EP (power) 10-25 6-8 1 N-D 

XLPE/XLPE (power) 10-12 9-17 1-2 D-P 

XLPE/XLPO (communications) 22-23 6-9 1 N-D 

XLPEIEVA (power) 12-22 8-9 1 D 

XLPE/Neoprene (power) 15 9 1 D 

XLPO/XLPO (power) 16-25.- 8-9 1 D 

XLPO,PVF/XLPO (power) 14-17 6-8 11 N-D 

EP/CLP (power) 4-19 8-13 1-2 D-P 

EP,FRfNone (power) 4-28 9 1 D 

EP-FR/none (communications) 28 12 2 1 P 

ETFE/EVA (communications) 10 8 1 1 D

FEP/FEP (communications) 818-10



Diameter/ FPI Group Fire 
Materialsb Thickness Propagatiouc 

(mm) 

Composite Systems 

Polyester 1-70%FG 4.8 13 2 P 

4.8 10 2 P 
Polyester 2-70%FG 19 8 1 D 

45 7 .11 D 

Epoxy '-65%FG 4.4 9 1 D 

Epoxy 2-65%FG 4.8 11 2 P 

Epoxy 3-650/oFG 4.4 10 2 P 

Epoxy 4-76%FG 4.4 5 - 1 N 

Phenolic-80%FG 3.2 3 1 N 

Epoxy-82%FG-Phenolic -2 1 N 

Phenolic-84%Kevlar 4.8 8 1 D 

Cyanate-73 %Graphite 4.4 4 1 N 

PPS-84 %FG 4.4 2 1 N 

Epoxy-71 %FG 4.4 5 1 N 

Conveyor Belts 

Styrene-Butadienie Rubber (SBR) - 8-11 1-2 D-P 

Chloroprene Rubber (CR) - 5 1 N 

CRISBR -8 1 D 

JPVC 4-10 1-2 1 ]N-P l 

a: table from Ref. 6; 
b: PVC -polyvinyl chloride; PE-polyethylene; PVF-polyvinylidene fluoride; XLPO
cross-linked polyolefin; Si- silicone; EP- ethyl ene-propyl ene; XLPE-cross-linked 
polyethylene; EVA-ethylvinyl acetate; CLP- chlorosulfonated polyethylene; FEP
fluorinated ethyl ene-propyl ene; FG- fiber glass; PPS- polyphenylene sulfide; 
c: P: propagating; D: decelerating propagation; N: non-propagating..  

NONTHERMAL DAMAGE TEST METHOD 

Damage due to heat is defined as thermal damage and damage due to smoke, toxic, and 

corrosive products is defined as nonthermal damage [I11]. Nonthermal damage 'depends 
on the chemical nature and deposition of products on the walls, ceilings, building 
furnishings, equipment, components, etc., and the environmental conditions. The 

severity of the nonthermal damage increases with time. Some examples of nonthermal 

damage to property are corrosion damage, electrical malfunctions, damage due to 

discoloration and odors, etc. Toxic effects of fire products on human body resulting in 

an injury or loss of life is an example of nonthermal damage of residential occupancies.  

The subject of toxicity has been discussed in detail in Ref. 22.  
The subject of corrosion for commercial and industrial occupancies has been 

reviewed based on the knowledge derived from the telephone central office (TCO) 

experience .for the deposition of atmospheric pollutants and fire products on 

equipment, severity of corrosion- damage and ease of cleaning the equipment [23,24].



In TCO fires involving PVC based electrical cables, contamination levels in the range of 
about 5 to 900 microgram/cm2 have been observed [23,24]. In general, an electronic 
switch would be expected to accumulate zinc chloride levels in the range of about 5 to 9 
microgram/cm 2 from the interaction with the environment over its expected lifetime of 
20 + years. A clean equipment is expected to have less than about 2 microgram/cm 2 of 
chloride contamination, whereas, contaminated equipment can have as high as 900 
microgram/cm2. Thus, equipment contamination levels due to chloride ions and ease of 
restoration have been classified into four levels [23], which are listed in Table 8.  

Table 8 
Contamination Levels for the Surface Deposition of 

Chloride Ions for Electronic Equipment' 

Chloride Ion Level Damage/Cleaning/Restorattion 
(microgram/cm 2 ) 

2 One No damage expected. No cleaning and restoration 

Irequired.  

<30 Two 'Equipment can be easily restored to service by 
cleaning without little impact on long-term reliability 

30 to 90 Three Equipment can also be restored to service by cleaning, 
as .long as no unusual corrosion problems arise, and 
the environment is strictly controlled soon after the 
fire.  

>90 Four The effectiveness of cleaning the equipment dwindles 
and the cost of cleaning quickly approaches the 
replacement cost. Equipment contaminated with high 
chloride levels may require severe environmental 
controls even after cleaning in order to provide 
potentially long-term reliable operation 

a: from Ref. 23 

Currently the nonthermal damage is assessed by toxicity tests [22] and by smoke and 
corrosion tests [11].  

The Corrosion Test Method 

The corrosion test method is used in the Flammability Apparatus. Corrosion damage is 
assessed in terms of rate of corrosion of a material exposed to a unit concentration of 
material (fuel) vapors, defined as the Corrosion Index (CI) [6]:'

CI =~ .,~~Posure})/{ We/V TAtte.d}

where CI is in (A/min)/(g/m3 ), 610., is the metal loss due to corrosion (A), At, is 

the time the corrosive product deposit is left on the surface of the metal (mai), Wf is 

the total mass of the mateiral lost (Eq.7) for the test duration (g), V Tis the total 

volumetric flow rate of the mixture of fire products and air (m3/min) and Ates is the 

test duration (min).  
In the corrosion test method, a Rohrback Cosasco [RC] atmospheric metal 

corrosion probe, designred for the Flammability Apparatus, is placed inside the 
sampling duct of the Appartus (Fig. 2B3). The probe consists of two metal strips



(5,000 A), embedded in epoxy- fiber glass plates. One metal strip is coated and acts as 
a reference and the other un-coated metal strip acts as a sensor. As the sensor strip 
corrodes and looses its thickness, its resistance changes. The change in the resistance, 
which represents the extent of corrosion of the metal, is measured as a function of time, 
by the difference in the resistance between the two strips. The probe readings remain 
reliable up to about half the thickness of the metal strip (2500 A), the probe is thus 
identified as 2500 A probe.I 

In the test, corrosion is measured every minute for first three hours and every 
hour after that up to a maximum of 16 hours. Figure 14 shows an example of the metal 
corrosion from the combustion products of the polyvinylchloride (PVC) homopolymer 
and PVC commercial materials, as measured in the Flammability Apparatus. The metal 
corrosion is faster in the initial stages and becomes slower in later stages due 
protective oxide film formation on the surface, within the test duration of about 20 
minutes. The data in Fig.22 show that the metal corrosion from the combustion 
products of the PVC homiopolymer is significantly higher than the metal corrosion 
from the products of the PVC commercial materials, indicating dilution and/or partial 
neutralization of HCI by the pyrolysis products of non-halogenated additives in the 
commercial materials.  

The metal corrosion in Fig. 14 is quite fast as it occurs within the test duration 
of 20 minutes. For less corrosive products, for the same test duration, the metal 
corrosion process takes about 12 to 14 hours to complete. Thus a maximum of 16 
hour exposure is used for products showing slow corrosion.  

In the corrosion test method, three types of measurements are made: 1) mass 
loss rate as a function of time and total mass of the material lost and its duration, 2) 
total volumetric flow rate of the mixture of the products with air as a function of time, 
and 3) metal corrosion as a function of time. The average corrosion rate is obtained 
from the difference between the initial and final corrosion values divided by the time 
duration. The data are used in Eq. 22 to calculate the CI value.  

The CI values have been reported in Ref. 6. Typical CI value for a highly 
halogenated material with hydrogen atoms in the structure, such as PVC, is 4 x 103 

(A/min)/(kg/M3) and fdr a highly halogenated polymer with no hydrogen atoms in the 
structure, such as TFE, it is 0.6 x 103 (Almin)/(kg/m3), indicating importance of the 
formation of water in the combustion and inefficiency of the hydrolysis process with 
water from the ambient air to generate acids.  

The Smoke Damage Test 

Smoke is a mixcture of black carbon (soot) and aerosol. Smoke damage is considered in 
terms of reduction in the visibility, discoloration and odor of theproperty exposed to 
smoke, interference in the electric conduction path and corrosion of the parts exposed 
to smoke.  

In the tests, measurements are made for the optical density in the sampling duct 
of the Flammability Apparatus and the Con e Calorimeter and above the sample 
exposure chamber in the OSU Apparatus. Tests are also performed to quantify the 
odor, color, and electrical properties of smoke in the Flammability Apparatus [6].  

FLAME EXTINCTION TEST METHOD 

Flame extinction process is associated with the interference with the chemical reactions 
and/or heat removal and/or dilution by liquids, gases, solid powders, or foams within 
the flame and/or on the surface of the burning material. The most commonly used liquid 
and gaseous chemical inhibition agents at the present time are: Halon- 1211 (CBrCIF 2), 
1301 (CBrF 3), and 2402 (CBrF2 CBrF2). (The numbers represent Eirsi- number of



carbon atoms; Secnd- number of fluorine atoms; Third- number of chlorine atoms; 
Fourlh- number of bromine atoms).  

Because of the contribution of Halons to depletion of the stratospheric ozone 
layer, they will, however, not be used in the future [25] .There is thus an intense effort 
underway to develop alternative fire suppressants to replace ozone layer depleting 
Halon [25]. The Halon alternatives belong to one of the following classes: 

1 ) Hydrobromofluorocarbons (HBFC); 
2) Chlorofluorocarbons (CFC); 
3) Hydrochlorofluorocarbons (HCPC); 
4) Perfluorocarbons (PC); 
5) Hydrofluorocarbons (H1FC); 
6) Inert'gases and vapors.  

The Environmental Protection Agency (EPA) has provided the following information 
for the use of the Halon alternates [26]: 

Acceptable Total Flooding Agents Feasible in Normally Occupied Areas 
1) HFC-23: CHIP3 (Du Pont (FEI3) 
2) HIFC-227ea: CF 3CHFCF 3 (Great Lakes FM 200) 

3) FC-3-1-10: C4F10 (3M PFC 410) {restricted use) 

4) [HCFC Blend) A (NAP S III) (N.AFire Guardian) 
5) [Inert Gas Blend] A (Inergen).  

Other Acceptable Total Flooding Agents 

1) HBFC-22BI: CHIF2Br (Great Lakes FM1O0) 

2) HCFC-22: CI-CIF2 (Du Pont FE 232) 
3) HCFC-124: CF3HCIF 
4) HFC-125: GF3CHF2 (Du Pont FE-2S) 
5) HPC-134a: CF3CH2F 

6) Powdered Aerosol (Spectrex) 
7) Solid Propellant Gas Generator (Rocket Research).  

Streaming Agents: Commercial and Military Uses Only 
1) [HCFC Blend]B (Halotron I) 
2) HCFC-123: CF3CHCI2 (Du Pont PE-241) 
3) FC-5-l-14: C6P14 (3M PEC 614)-(restricted use) 

4).HBPC-22B1I: CHP 2Br (Great Lakes PM 100).  

Total Flooding Agents (Pending) 
1) Water Mist (Securiplex; Yates) 
2) Powder Aerosols (Spectrex; Service) 
3) Inert Gas Blends (Securiplex; Minimax) 
4) SF 6 (Discharge test agent) 

5) C3P8 (3M CEA-308; PPC-218) 

6) Pluoroiodocarbons (CF31) 

Streaming Agents (Pending) 
1) HCFC-124: CF3HCIF 

2) HPC-134a: CP3CH2F 

3) HPC-227ea: C173 CHFCP 3 (Great Lakes PM-200) 

4) HCPC/HFC Blewnd (NAP P 111)



5) HCFC Blend (NAF Blitz III) 
6) Powdered AerosolfHFC or /HCFC Blend (Powsus).

q

The most common test to screen the Halon alternates is the "Cup Burner" test where 
concentrations of Halons or alternates required for extinction of a small laminar 
diffusion flame are determined [25]. Table 9 lists the concentrations of Haion 1301 and 
alternates required for heptane flame extinction in the "Cup Burner" test, where the 
values are taken from Refs. 25 and 27. Acceptable total flooding agents in normally 
occupied areas are indicated in the table.  

The Flammability Apparatus operates under principles very* similar to the 
"Cup Burner", where both laminar. and buoyant turbulent diffusion flames are 
examined [28]. An 'example of the flame extinction data for Halon 1301 is shown in 
Fig. 15, where initially there is a rapid decrease in the chemical heat release* rate 
followed by an increase between 5.40 and 6.25 %, due to increase in the flame 
luminosity and flame heat flux transferred back to the fuel surface. Flame extinction 
occurs at 6.25 %.  

Figure 16 shows a rapid increase in the generation efficiencies of CO, mixture of 
hydrocarbons, and smoke with increase in the Halon concentr .ation. Generation 
efficiency is the ratio of the experimental yield of the product to the maximum possible 
stoichiometric yield of the product [6].  

The effect of Halon on the generation efficiencies in Fig. 16 is strong for CO 
and the mixture of hydrocarbons and weak for smoke. This type of combustion 
behavior is similar to one found with the decreasing ventilation by decreasing the 
amount of oxygen. The behavior is postulated to be due to the increasing preference of 
fuel carbon atom to convert to CO and to the mrixture of hydrocarbons rather than to 
smoke [29]. It thus appears that the chemical interruption, processes in the oxidation 
zone for flame extinction are very similar with increasing amounts of Halon and 
decreasing amounts of oxygen. This experimental finding is consistent with the concept 
that a critical Dankohler number exists at the flame extinction condition [26]. ' 

The existence of the critical conditions at flame extinction has also been 
postulated by the "Fire Point Theory' [6] and supported by the experimental data for 
the critical mass pyrolysis and heat release rates [6].  

The extinction test method in the Flammability Apparatus is performed in a 
fashion very similar to the Combustion Test Method, except that air with different 
amounts of the gaseous agent is used to determine the minimum concentration for flame 
extinction. Water is applied directly the surface as large drops and its application rate 
for flame extinction is determined. Nontherma] damage due to corrosive products and 
smoke is also determined.  

Currently the Flammability Apparatus is being used quite extensively to 
determine the flame extinction concentrations of halon alternates and water, heat release 
rate, the types of products generated and the nonthermal damage potential for flame 
extinction conditions.  

SUMMARY 

1. The most widely used apparatuses are the OSU Apparatus, the Flammability 
Apparatus at FMRC, and the Cone Calorimeter. These apparatuses are capable of 
providing the necessary input combustion data needed for the model based 
assessments of fire hazards and protection needs; 

2. The Flammability Apparatus is capable of providing additional input data to the 
models for the assessment of hazards due to fire propagation, corrosion and smoke 
damage, and concentrations of agents required for flame extinction;



3. A Flame Spread and Growth (FSG) model has been incorporated into the 
Flammability Apparatus and operates as the test is being performed in the Apparatus, 
providing the fire propagation assessment at the end of the test. It is planned to 
combine this effort with a risk model currently under development at FMRC. It is 
anticipated that this tool (the Flammability Apparatus, the FSG model, and the risk 
model) -would be a powerful tool for the assessment of hazards and protection needs in 
various types of fire scenarios. Thbe tool will be available for adop tion by the ASTM 
ISO, EEC, and others in the very near future.  

Table 9 
Concentrations of Halon 1301 and Alternates Required for 

Flame Extinction in the "Cup Burner" Test* 

Agent Name Formula Concentration Relative 
(Volume %) Concentration 

Halon 1301 CF3Br -2.9 1.0 

Trifluoromethyl Iodide CF 3 1 3.0 1.03 
1311 

FC- 14 CF4  13.8 4.76 

HCFC-22 ( Du Pont FE CHCIF2  11.6 40 
232) 

HBFC-22B] (Great Lakes CHB rF2  4.4 1.52 
FM 100) 

HFC-23 (Du Pont FE13) CHF3  12.4 4.28 

HFC-32 CH2F2  8.8 3.03 

FC-1 16 CF3CF 3  7.8 2.69 

HCFC-124 CHCIFCF1  8.2 2.83 

HBFC-124BI CF 3CHFBr3  2.8 0.97 

H-FC-125 (Du Pont FE 25) CF3 CHF2  9.40 3.24 

HFC-134 CHF2 CHF2  11.2 3.86 

HFC-134a CF3CH 2F 10.5 . 3.62 

HFC-142b CCIFCH3  11.0 (calc) 3.79 

HFC-152a CHF2CH 3  27.0 (calc) 9.31 

HFC-218 CF 3CF2CF 3  6.1 2.10 

HIFC-227ea (Great Lakes ,CF 3CHFCF 6. 1.1o 
FM 200)3 

C318 C4 178  7.3 2.52 

FC-5-1-14 (3M PFC 614) C4 1710  5.5 .b 

a: from Refs. 25 and 27; b: acceptable total flooding agents in normally occupied 
areas.
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FIGURE CAPTIONS

Figure 1. The Ohio State University (OSU) Heat Release Rate Apparatus [1-3].  

Figure 2A. The Flammability Apparatus for Horizontal Sample Configuration at the 
Factory Mutual Research Corporation (FMRC) [4-7].  

Figure 2B. The Flammability Apparatus for Vertical Sample Configuration at the 
Factory Mutual Research Corporation (FMRC) [4-7].  

Figure 3. The Cone Calorimeter [8-10].  

Figure 4. Time to Ignition Versus External Heat Flux for a Silicone Based Polymer.  
Data Measured in the Flammability Apparatus. Data Satisfy the Thermally-Thick 
Behavior but Not the Thermally-Thin Behavior Away from the Critical Heat Flux 
Value.  

Figure 5. Flame Radiative and Convective Heat Fluxes at Various Oxygen Mass 
Fractions in the Co-Flowing Air for the Steady-State Combustion of 100 x 100 x 25 
mm Thick Slab of Polypropylene. Dati are from the Combustion Tests using the 
Flame Radiation Scaling Technique in the Flammability Apparatus at FMRC [6,16].  
Numbers Within the Bars are Oxygen Mass Fractions.  

Figure 6. CO Generation Rate Versus the External Heat Flux. The Slopes of the Lines 
Represent the CO Generation Parameter for Polyethylene and Polystyrene. The Data 

s are from the Flammability Apparatus at FMRC.  

Figure 7. Chemical Heat Release Rate V ersus the External Heat Flux. The Slopes of 
the Lines Represent the Chemical Heat Release Parameter for Polyethylene and 
Polystyrene. The Data are from the Flammability Apparatus at FMRC.  

Figure 8. Chemical Heat Release Rate for 100-mm Diameter and 25 mm Thick Slab of 
Polypropylene Exposed to an External Heat Flux of 50 kW/m2 for 0.09 m/s Co
Flowing Normal Air in the Flammability Apparatus at FMRC. The Theoretical 
Prediction is Based on Eq.18 and Data from Tables 3 and 4. OC: Oxygen Consumption 
Calorimetry; CDG: Carbon Dioxide Generation Calorimetry.  

Figure 9. Pyrolysis Front Versus Time for the Downward Fire Propagation for 300
mm Long, 100-mm Wide and 25-mm Thick Polymethylmethacrylate Vertical Slab 
Under Opposed Air Flow Condition in the Flammability Apparatus at FMRC. Air 
Flow Velocity = 0.09 m/s. Oxygen Mass Fraction =0.334 [12].  

Figure 10. Chemical Heat Release Rates Versus Time for the Downward Fire 
Propagation, Combustion, and Flame Extinction for 300-mm Long, 100-mm Wide and 
25-mm Thick Polymethylmethacrylate Vertical Slab Under Opposed Air Flow 
Condition in the Flammability Apparatus at FMRC. Air Flow Velocity =0.09 in/s.  
Numbers in the Figure are the Oxygen Mass Fractions [12].  

Figure 11. Downward Fire Propagation Rate Versus Oxygen Mass Fraction for Vertical 
Polymethylmethacrylate Slabs with Width :5 25 mm and Lengths :5 300 mmn. Data are 
Taken from Various Studies Reported in the Literature (Reviewed in Ref. 12).
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FACTORY_-MUTUAL RESEARCH CORPORATION 

wMEl. RC 

Sample Number: 

Sample: 

Cable Type -_E= 

Manufacturer/Suppiz: 

Cable lalulati on : Crom-Uinked, Polyethylene (inX).  

Cable Jacket : Crow-Thaked Polyethylene (MM).  

Conductor Size: 12 AVG 

Number of Conductoru/Valta : 3/ 600.  

Diameter :0.012 m.  

Critical Heat Flux : 24 kU/rns.  

Chemical float of Combustion : 14.000 kJ/kg.  

liPropagation Test Conaftione 

Apparatus: 500 kU-Scale.  

Cable length :1.29 & 0.5068m 

Ignition Flux : 50 kU/mRn.  

Oxygen Concentration : 30 & 40 X 

Factory Mutual Clauuflation: 
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FACTORY MUTUAL RESEARCH CORPORATION 

O(2E1 .RC 

Sample Number: 

Sample 

Cable T ype : NA FL.SR 

Manufacturer/Supplier: 

Cable nsullation Silicone.  

Cable Jacket : Poly('vlnyl chloride) (PVC).  

Conductor Size : 16 AUG.  

Number of Conductors/Volts :. 10 / Not Known.  

Diameter :0.0 16 m.  

Critical Heat Flux : 19 kW/rn'.  

Chemical Heat of Combustion : 15.100 kJ/kg.  

FiePropagation Test Conditions 

Apparatus : 500 kW-Scale.  

Cable Length : 0.508 & 1.29 m.  

Igntion Flux : 50 kW/rn'.  

Oxygen Concentration : 30 & 40 X.  

Factory Mutual Classification: 

30 

25Gru 
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FACTORY MUTUAL RESECH CORPORATION 

OM12E1 .RC 

Sample Number: 

Sample 

Cable 7 ype :CN O 

Manufacturer/Supplier: 

Cable Inoulation : polyethylone-Polypropylene(KP).  

Cable Jacket : Poly(vinyl chloride) (PVC).  

Conductor Sze: 12 AVG.  

Number of Conductors/ Volts :3 / 600.  

Diameter :0.011 m.  

Critical Heat Flux : 15 kU/r'.  

Chemical Beat of Combustion : 13.400 kJ/kg.  

Fire Propagation Teat ConditionAl 

Apparatus : 500 kW-Scale.  

Cable Length : 0.508 & 1.29 M.  

Ignition Flux : 50 kU/rn'.  

Oxygen Concentration : 30 & 40 %.  

Factory Mutual Classificaton: 

30 
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FACTORY MUTUAL RESEARCH CORPORATION 

0K2El. RC

Sample Number 

Sample 

Cable Type IZ QD 

Manufacturer/Supplier: 

Cable Insulation :Poly~vinyl chloride) (PVC).  

Cable Jacket : Poly(vlnyl chloride) (PVC).  

Conductor Size : 12 AVG.  

Number of Conductors/ Volts : 7 / 600.  

Diameter : 0.013 m.

Critical Heat Flux : 25 kU/rn'.  

Chemical Heat of Combustion: 

FieProp&agaton Test Condition.  

Apparatus : 500 kW-Scali.  

Cable Length :0.508 m.  

Ignition Flux : 60 kW/ms.  

Oxygen Concentration : 40 %.  

Factory Mutual Classification:

0 so 100 ISO 200 250 
Time [seconds]
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FACTORY MUTUAL RESEARCH CORPORATION 

WMEI. RC 

Sample Number 

Sample 

Cable Typeo:P 

Manufacturr/Supplir: 

Cable Insulation Poly(vlnyl chloride) (PVC).  

Cable Jacket Polyethylene-Polypropylene (EP).  

Conductor Size 2/0 AVG.  

Number of Conductors/Voltsa 3 / 600.  

Diameter : 0.034 m.  

Critical Heat Flux : 15 kU/rn'.  

Chemical Heat of Combustion : 12.600 kJ/k.  

Fire Propagatio Test Conditio-n 

Apparatus : 500 kU-Scale.  

Cable Length : 0.508 mn.  

Ignition Flux : 50 kW/rn'.  

Oxygen Concentration : 40 ~ 

Factory Mutual Classlifcation: 
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FACTORY MUTUAL REiEARCH CORPORATION 

0M2E1 .RC

Sample Number: 

Sample 

Cable Type :POWER & CONTROL 

Manufacturer/Supplier : 

Cable Tnsulation Poly(ulzayl chloride) (PVC).  

Cable Jacket : Poly(ylnyl chloride) (FTC).  

Conductor Size: 12 hUG.  

Number of Conductouu/ Volts 3 /600.  
Diameter : 0.0092 m.  

Critical Heat Flux : 13 kU/rn3.  
Chemical Beat of Combustion : 12.600 kY/kg.  

FiePropagstion Test Conditiona 

Apparatus :500 kU-Scale.  

Cable Length :0.508 & 1.29 m.  

Ignition Flux : 50 kW/jn2.  

Oxygen Concentration : 30 & 40 X 

Factory Mutual Classification:

100 200 300 400 500 
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FACTORY MUTUAL RESEARCH CORPORATION 

OME1. RC 

Sample Number: 

Sample: 

Cable Type : Airmnshiad&2IVY CMR 

Manufacturer/Supplier: 

Cable Insulation :Unknown 

Cable Jacket Unknown 

Conductor Size: 24 AVG 

Number of Condluctorsn/Volts : 100/Unknown 

Diameter : 0.023m 

Critical Heat Flux : 15 kU/rn' 

Chemical Heat of Combustion: 16,240 kJ/kg.  

Fire Proasation Todt Conditions 

Apparatus : 800 kU-Scale.  

Cable Length : 0.6im 

Ignition Flux : 50 kU/rn'.  

Oxygen Concentration : 40 % 

Factory Mutual Classification:
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FACTORY MUTUAL RESEARCH CORPORATION 

W(EL RC 

Sample Number: 

Sample 

Cable Type -. CotrL 

Manufacturer/Supplier: 

Cable Insul-tion : Itkyleze-Propylene (IF). Fire Retarded (FR).  
Cable Jacket : None.  

Conductor Size: 14 AUG.  

Number of Conductoru/Volts : 1 / Unknown.  

Diameter :0.0035 M.

Critical Beat Flux : 25 kU/rn'.  

Chemical Heat of Combustion : 
Fire Propagation Test Condifion.  

Apparatus : 500 kU-Scale.  

Cable Length :1.29 & 0.508 m.  

Ignition Flux : 60 kU/mI.  

Oxygen Concentration : 30 & 40 

Factory Mutual Classification:

~20 

0

30,900 kJ/kg.

0 50 100 150 200 250 300 350 400 450 500 
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FACTORY MUTUAL RESEARCH CORPORATION 

WEI. .RC

Sample Number: 

sample 

Cable Type :...~aL 

Manufaturer/Supplier 

Cable lnaulatoa : thylene-Propylene, 

Cable Jacket : None.  

Conductor Size: 14 AWG.  

Number of Conductors/Vots :37/Uk 

Dfamete : 10.026 m.  

Critical Heat Flux : 19 k/m.  

Chemical Heat of Combuation : 14,800 

Fie roaation etonitons

(WP). fire Retarded (FR).

nova.

kJ/kg.

Apparat= : 500 kY-Scale.  

Cable Length : 1.29 m.  

Ignition Flux : 50 kY/rn'.  

Oxygen Concentration : 80 X.  

Factory Mutual Clawealiaton:
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TIMeL

ON0 
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FACTORY MUTUAL RESEARCH CORPORATION 

WME! RC 

Sample Number: 

Samnwea 

Cable Type : PQU 

Manufactuer/Suppler: 

Cable Insulatios : Tbhauoplautic Nlaotomer (TI'!).  

Cable Jacknt : Thermoplaxtio atomer (TM').  

Conductor Size: 12 AVG.  

Number of Conductors/Volts : 3 / 00.  

Diameter : 0.0094 m.  

critical Beat Whz : 15 W/=m.  

Chemical Beat of Combuatos : 12.000 kI/kg.  

Elva Er~aeffanTetCdii.  

Apparatus : 500 kU-Scale.  

Cable Length : 0.508 & 1.29 m.  

Igntion Flux : 50 kY/r'.  

Oxygen Concentration : 80, 35 & 40 ~ 

Factory Mutual Clanifteation: 
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FACTORY MUTUAL RESECH CORPORATION 

WI. RC 

Sample Number 

Sample: 

Cable Type: POI& 

manufacturer/Suppllw: 

Cable Luulaton: ThrZplus lasftome (ITm).  
Cable Jacket: Chlinae Polyethiyee (CPR).  
Conductor She: 12 AWG.  

Number of Conductori/volt.: 3 / 800.  

Diameter :0.0004 m.  

Critical Hleat Flux : 25 kU/=II.  
Chemical Beat of Combuatiou: 11.200 kiT/kg.  

Ph Poagatin TAut Condition.  

Apparatus : 500 kU-Scale.  

Cable Length : 0.508 m.  

gntWion Flux : 50 kU/rnl.  

Oxygen Concentration : 40 x.  

Factory Mutual Cla"Iflcatlon: 
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FACTORY MUTUAL RESEARCH CORPORATION 

OM2El .RC 

Saimple Number: 

Sample: 

Cable Type , .Cnhy ldgU 1 

Cable lalulation : Etlaylene-Propylene (W).  

Cable Jacket : Polyetbjlene-Chloro-Sultonated (PI-Cl-S) 

Conductor Size: 14 AVG.  

Number of Conductor./Voltu: I /600.  
Diameter :0.0043 m.  

Critical Heat Flux: :20 kU/rn.  

Chemical Heat of Combustion : 15,900 kJ/kg.  

Fire Propagationt Test Condition.  

Apparatus : 500 I- Scale.  

Cable Length : 0.508 m.  

Igntion Flux: :50 kY/rn' 

Oxygen Concentration : 40 ~ 

Factory Mutual Cl-amufication: 
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FACTORY MUTUAL RESEARCH CORPORATION 

OM2EI .RC 

Sample Number: 

Sample:.  

Cable Type : Amwer.  

Manufacturer/Supplier: 

Cable Inlulation : Ethylene-Propylene (Np).  

Cable Jacket : Polyethylene-chloro-Sulfonated (pig-Cl-S) 

Conductor See 12 AVG.  

Number of Conductoru/ Volta 3 8 00.  

Diamete~r : 0.011 m.  

Critical Neat Flux : IS kW/m'.  

Chemical Heat of Combustion : 18.900 kJ/kg.  

11.propagation Test Conditions 

Apparatus :500 kW-Scals.  

Cable Length : 1.29 & 0.508 m.  

Ignition Flux : 50 kW/m'.  

Oxygen Concentration : 30 & 40 %.  

Factory Mutual Clensufflation 
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FACTORY MUTUAL RESEARCH CORPORATION 

WEI. .RC 

Sample Number: 

Sample : 

Cable Type ; CotruL 

Cable Insulattlon: Polyetbylmne-Chloulnated (P1- Cl).  

Cable Jackat : None.  

Conductor Sime: 1/0 AVG.  

Number of Conductos/Voltsa: I / UnknowI.  

Diameter : 0.015 m.  

Critical Heat Flux : 12 kY/=!I.  

Chemical Heat of Combustion: 11.800 k~lkg.  

Fie Propag&c et o-i 

Apparatus : 500 kY-Seale.  

Cable Length : 1.29 & 0.508 n 

Iton Flux : 50 kY/mII.  

Oxyen Concentration : 30 & 40 X.  

Factory Mutual Caufcation: 
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FACTORY MUTUAL RESEARCH CORPORATION 

OM2EI .RC 

GROUP 3 CABLES

11 1



FACTORY MUTUAL RESEARCH CORPORATION 

OM2E1. RC

Sample Number: 

Sample 

Cable Type : RKSWEDAdL A"l I CNDIT 

Manufacturer/Suppli: 

Cable Tnsulation :Polyethylene (PE).  

Cable Jacket : Poly(vinyl chlorlide) (PVC).  

Conductor Size: 22 AWG.  

Number of Conductors/ Voltsa 4 / Not Known, 

Diameter : 0.0037 m.  

Critical Heat'Flux : 20 kW/m2.  

Chemical Heat of Combustion : 20,900 k.J/kg 

Fire Propagation Test ConditionA 

Apparatus : 500 kW-Scale.  

Cable length : 0.508 m.  

Ignition Flux : 50 kW/ma.  

Oxygen Concentration : 40 %.  

Factory Mutual Classification
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FACTORY MUTUAL RESEARCH CORPORATION 

0HE1 .RC

Sample Number 

Sample: 

Cable Type : NOT KV1U 

Manufacturer/Supplier : 
Cable Insulation Polyethylene (PE).  
Cable Jacket : Poly(Vinyl Chloride) (PVC).  
Conductor Size 12 AVG.  
Number of Conductors/Volts :- 3 /Not Known 
Diameter : 0.011 in.  

Critical Heat Flux : 10 kW/ma.  

Chemical Heat of Combustion Not Determin, 
FirePrpatoTetCntin 

Apparatus : 500 kW-Scale.  

Cable Length : 0.508 m.  

Ignition Flux : 50 kW/ml.  

Oxygen Concentration : 40 %.  
Factory Mutual Classification

ed.
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FACTORY MUTUAL RESEARCH CORPORATION 

MEl. .RC 

Sample Number: 

Sample: 

Cable I7p. .. SiL 

Manufaturer/suppller: 

Cable Juwulatim : Fluorinated et~ene propylese (WD).  

Cable Jacket : Fluorinated ethylene propytene (Pa).  

Conductor Size : Unknown.  

Number of Conduotors/Volts :10 / Unknown.  

Diameter : 0.0070 mL.  

Critical Heat, Flux : 36 kU/ins.  

Chemical Beat of Combuotion : 6.200 kl/kg.  

IfePropagation Test Conditions 

Apparatus : 500 k-Scae.s 

Cable Lengath : 1.20 m.  

Ignition Flux : 60 kY/mIn.  

Oxygen Concentration : 40 X.  

Factory Mutual Clanmuloiation: 
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FACTORY MUTUAL RESEARCH CORPORATION 

OMK2E1.RC 

Sample Number: 

Sample : 

Cable Type. Pmaer limniad ofrmdut.  

Manufacturer/Supplier: 

Cable Insulation : Vluozinaed ethyene propylene, (IP).  

Cable Jacket : Fluorinated et~ene propylene (ID):

Conductor Size :22 AVG.  

Number of Conductors/Vohsa :12 /Unknown.  
Diameter : 0.0097 mn.  

Critical Beat Flux : 30 kW/=m.  

Chemical Heat of Combuion: 6,200 kj/kg.  

Fire Pration Test Condition& 

Apparatus :600 kU-Sea.  

Cable Leongth : -0.508 m.  

Ignition Flux : 50 kU/ni.  

Oxygen Concentration : 40 & -45 X.  

Factory Mutual Classification:
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FACTORY MUTUAL RESEARCH CORPORATION 

OM2E1 .RC

Sample Number: 

Sample 

Cable Type :£~~M 

Manufacturer/Supplier: 

Cable Tomulation Poly(vinyl chloride) (PVC).  

Cable Jacket : Poly(vinylidene fluoride) (PYF).  

Conductor Size 24 AVG.  

Number of Conductoru/ Volta :.8 (pair) / Not Known.  

Diameter : 0.0050 m.  

Critical Heat Flux : 30 kW/m .  

Chemical Neat of Combustion 5,300 kJ/kg.  

Fire Propagation Test Conditionin 

Apparatus 500 kU-Scale.  

Cable length :0.508 in..  

Ignition Flux : 50, kW/rn'.  

Oxygen Concentration : 40 X.  

Factory Mutual Classification 
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FACTORY MUTUAL RESEARCH CORPORATION 

OMCE1.RC 

Sample Number: 

Sample: 

Cable Type L.m u 
Manufacturer/Supplier: 

Cable Jaaulation: Sthyln-tetre fiuoroe t0n 3) 

Cable Jacket : Ithylene-acryilo (EL).  

Conductor Sim. : Unknown.  

Number of Conductoru/Vofte :10 / Unknowi.  

Diameter : 0.010 in.  

critical Heat Flux : 12 kU/rn3 .  

ChemcalBeat of Combuotion : 11.200 U/lkg.  

Fire Propagationi Todt Conditions 

Apparatus : 600 kY-Scale.  

Cable Iaagth : -0.50W m.  

Igntion Flux : 50 kYr/r 3 .  

Oxygen Concentration : 40 X.  

Factory Mutual Clnasfloaton: 
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FACTORY MUTUAL RESEARCH CORPORATION 

M42EI .RC 

Sample Number: 

Sample 

Cable Type ENOT ~Q 

Manufacturer/Supplier: I 

Cable Tinlation: Cross-Linked Polyethylene (XPE).  

Cable Jacket : Ethylene Vinyl-Acetate (EVA).  

Conductor Size: 12 AVG.  

Number of Conductors/Volts : 3 / Not Known.  

Diameter : 0.012 m.

Critical Heat Flux : 25 kU/rn'.  

Chemical Heat of Combustion : 

Fire Propagation Test Conditions 

Apparatus : 500 kY-Scale.  

Cable Length : 0.508 m.  

Ignition Flux :50 kY/zn'.  

Oxygen Concentration : 40 ~ 

Factory Mutual Classification:

17,200 kJ/kg.
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FACTORY MUTUAL RESEARCH CORPORATION 

OM2EI .RC 

Sample Number: 

Sample: 

Cable Type L-.Pm 

Manufactuer/Supplir: 

Cable Llulaton : Crow-Liniked polyethylene (IPI).  

Cable Jacket : 3tbjiene-viWy acetate (IVA).  

Conductor Size: 2/0 AVG 

Number of Conductors/Volts: I / 1000.  
Diameter : 0.017 m.L 

Critical Heat Flux : 25 kI/m!R.  

Chemical Beat of Combuston: 21,600 ki/kg.  

Fire PropagrationTotC dtin 

Apparatus : 500 kU-Scale.  

Cable Lengt: 0.50a m.  

Iton Flux : 50 kY/rn3 .  

Oxygen Concentration: 40 X.  

Factory MutualClafiaon 
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FACTORY MUTUAL RESEARCH CORPORATION 

OM2E1. RC 

Sample Number: 

Sample: 

Cable Type L-RaEm 

Manufactuzer/suppler: 

Cable lalulation: Crom-Unked Polyethylene (Ipa).  

Cable Jacket : sthylew-viza acetate (RVA).  

Conductor She: 500 MCM 

Number of Conductors/Volts : 1 / 300.  

Diameter :0.022 m.  

Critical Beat Flux : 20 kl/me.  

Chemical Heat of Combustion : 22.000 kU/kg.  

Fire Propagation Test Conditions 

Apparatus : 500 kY-Scale.  

Cable Length.: 1.29 & 0.508 m.  

Igntion Flux : 80 kY/r'.  

Oxygen Concentration : 30 & 40 %.  

Factory Mutual Classmfoatlon: 
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FACTORY MUTUAL RESEARCH CORPORATION 

M2EI .RC

Sample Number: 

Sample 

Cable Type : NO1ZT KNO 

Manufacturer/Supplier: 

Cable Inoulation :Cross-Lnked Polyeth, 

Cable Jacket : Neoprene.  

Conductor Size : 12 AWG.  

Number of Conductors/ Volta :7 /NotK 
Diameter : 0.0 15 m.  

Critical Beat Flux : 20 kU/rn3 .  

Chemical Heat of Combustion : 12,9001 

Fire Propagation Teot Conditions 

Apparatus : 500 kU-Scale.  

Cable Length : 0.508 and 1.29 m.  

Ignition Flux : 50 kW/rn'.  

Oxyen Concentration : 30. 35 and 40 % 

Factory Mutual Classification:

lene (XPE).  

nown.

rJ/kg.
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FACTORY MUTUAL RESEARCH CORPORATION 

OM42E..RC 

Sample Numer: 

Sample 

Cable Type: CroL hPn 

Manufacturr/Suppliw:r 

Cable lalulation : Cron-inaked Polystbylene (I).  

Cable Jacket: Crou-inked Polyetlayene (M').  

Conductor Size: Unknown 

Number of Conductoru/ Volts : 10/ 600.  

Diameter.: 0.0099 m.  

Critical Heat Flux : 25 kY/rn.  

Chemical Heat of Combuston : 18,200 kJ/kg.  

7fre Eroagation Test Conditions 

Apparatus : 500 kY-Scale.  

Cable Length :1.29 & 0.508 m.  

Jgution Flux : 50 kY/rn.  

Oxygen Concentration :30 & 40 X.  

Factory Mutual Clasulfcatoa: 
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FACTORY MUTUAL RESEARCH CORPORATION 

WMEI..RC

Sample Number: 

Sample: 

Cable Type:- Control Pom 

Manufacturer/Supplier 

Cable Insulation : Croin-Linked Polyethylene (IPZ).  

Cable Jacket: Croua-Uinked Polyethylene (IX).  

Conductor Sze: Unknown 

Number of ConductozufVoltu: 10/ 600.  

Diameter 0.011 ze.  

critical Heat Flux : 22 kW/zns.  

Chemical Heat, of Combustion: 19.400 kJ/kg.  

Ffre propagatinxiTa okiln 

Apparatus : 500 kW-Scale.  

Cable Leangth : 0.508 m.  

Ignition Flux : 50 kU/m!I.  

Oxygen Concentration : 40 X.  

Factory Mutual Classelation:
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FACTORY MUTUAL RESEARCH CORPORATION 

0ME1 .RC 

Sample Number: 

Sample 

Cable Type Z fSLAW 

Manufactuer/supplir : 

Cable Insulation : Croui-ilnked Polyolefn (IPO).  

Cable Jacket: Crow-Linked Polyolefla (XPO).  

Conductor Size: 12 AVG.  

Number of Conductors/ Volts : 9 / 600.  

Diameter : 0.016 m.  

Critical Heat Flux : 20 kW/mII.  

Chemical Heat of Combustion : 14.000 kI/kg.  

Fire Propaation Test Conditions 

Apparatum : 500 kU-Scale.  

Cable Length : 1.29 h 0.508am 

Ignition Flux : 50 kU/in3 .  

Oxygen Concentration : 30 & 40 X.  

Factory Mutual Classification: 
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FACTORY MUTUAL RESEARCH CORPORATION 

WMEI .RC 

Sample Number 

Sample 

Cable 1Type : PQl 

Manufacturer/Supplier: 

Cable Insulaton : Polyetkylene-PolypropYlene (EP).  

Cable Jacket : Polyethyleae -Polypropylene (EP).  

Conductor Sze: 14 AVG.  

Number of Conductor@/ Volta 5 / 2000.  

Diameter : 0.016 mr.  

Critical Beat Flux : 23 kW/m 3 .  

Chemical Heat of Combustion : 16,600 kY/kg.  

Fire Propagation Test Cornditions 

Apparatus : 00 kW-Scale.  

Cable Length :0.508 & 1.29 m.  

Ignition Flux : 50 kW/ms.  

Oxygen Concentration :21, 30, 35 & 40 X.  

Factory Mutual Classificaton: 
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FACTORY MUTUAL RESEARCH CORPORATION 

cOI2E1 .RC 

Sample Number: 

Sample 

Cable Type :.Poemur.  

Manufacturer/Supplier.  

Cable Insulation : 3thylene-Propylene (EP), Fire Retarded (FR).  

Cable Jacket :None.  

Conductor Size: 2/0 AVG.  

Number of Conductors/Voltsa: I / Unknown.  

Diameter : 0.015 m.  

Critical Heat Flux:' 25 kU/rna.  

Chemical Heat of Combution : 14.1800 kJ/kg.  

Fire propagation Test Condition.  

Apparatus : 500 kU-Scale.  

Cable Length : 0.508 mn.  

Ignition Flux : 50 kY/rn.  

Oxygen Concentation : 40 X 

Factory Mutual Clasuification: 

30 ' 

~20 

0 

115 Gro-uI 2 

F10  K 

0 
0 50 100 150 200 250 300 350 400 4W0 500 

Time [Seconds]
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Sample Number: 

Sample 

Cable 1 pe :..Pmer.  

Manufacturer/Suppier: 

Cable Inoulation : ItWylea-PrOPYlene (EP). Fire Retarded (FR).  

Cable Jacket :None.  

Conductor Size: 4/0 AUG.  

Number of Conductors/Volts: 1 Unknown.  

Diameter 0 .018 m 

Critical Heat Flux: 20 kU/rn'.  

Chemical Heat of Combustion : 15.10 kJ/kg.  
Aire Propagfation Test Conditions 

Apparatus : 500 kU-Scale.  

Cable Length : 0.508 m.  

Ignition Flux : 50 kw/rn'.  

Oxygen Concentration : 40 X.  

Factory Mutual Classificaton: 

25 IGrouv7S 

~20 

0 

5 j~Grou:2 

0 50 100 150 200 250 300. 350 400 480 5W0 
Time [Seconds]
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Sample Nukba: 

CaLbl Type: B2= 

Cable InupltLon: Polbytima-POLYPIropy1001 (UP).  

Cable Jacket : powywiaw-poypropylene (1p).  

Comuotor Us: 350 CMm 

Number of Couiduatoz/V@It. 1. / 200.  

Diamter: 0.025 m 

Critical Hest. Fhux: 22 W/ma.  

Chemica Neat of Cozabutin : 10,700 kl/kg.  

irs Pagaims atCniln 

Apparatul :5W0 kY-Scile.  

Cable Ifagith : 0.508 & IMOa 

Jgntion Flux : 50 kY/r'.  

Om7en Conoenmtoa: SO 40 % 

Ftory1 MutualCemfiadn 

25 lru 

15 Gop2 

10 ................. ... .... .......... .... ........  

law*1 

05 20 0 0 0 00 10 40 1O 

0uEm"



FACTORY MUTUAL RESEARCH CORPORATION 

OME1.RC 

Sample Numbr: 

Sample 

Cable Type ; Power 

Manufacturr/Supplier: 

Cable Jhwuatlon : 2thylea.-Propylae (NP).  

Cable Jacket : P.)yethylen-Chloro-Sultonated (P3-0I-9).  

Conductor Size : 2/0 AUG.  

Number of Conductor/Vohta: 1 / 600.  

Diameter : 0.016 m.  

Critical Beat Flux : 20 kYr/rn.  

Chemical Heat of Combuation: 19.300 kJ/kg.  

Fine Provpgtion Test Conditions 

Apparatus : 500 kY-Scale.  

Cable Length : 1.29 & 0.508 m.  

Igntion Flux :.60 kY/mII.  

Oxygen Concentration 30S & 40 X.  

Factory Mutual Clasificaton: 

30 

25 Group 3 

.20 

0 

51 lGrou2 

0 200 400 600 500 1000 1200 
imeR [Sepon4s]



FACTORY MUTUAL RESEARCH CORPORATION 

OM2E1 .RC 

Sample Number: 

Sample 

Cable T ype : POWER& 

Manufacturer/Supplier 

Cable Insualation : PolYetbylene-Polypropylene (EP).  

Cable Jacket : Polyethylene-Polypropylene (EP).  

Conductor Size :6 hWG.  

Number of Conductors/Volts 1 600.  

Diameter :0.0 10 m.  

Critical Heat Flux : 20 kW/m' .  

Chemical Heat of Combustion 17.100 kJ/kg.  

Fire Propagatijon Test Conition.  

Apparatus : 500 kU-Scale.  

Cable Length : 0.508 & 1.29 m.  

Ignition Flux : 50 kU/rn'.  

Oxygen Concentration : 21,' 30. 35 & 40 % 

Factory Mutual Classification: 

30 

Group 31 

25 

20 - - - - - - - - - - - - -- - - - - - - - - - -

15 Grou21 

1 10 .................................................................... _ 

0 100 200 300 400 500 600 
Time [seconds]



FACTORY MUTUAL RESEARCH CORPORATION 

OM2EI .RC 

Sample Number 

Sample: 

Cable Type :P&gIrL 

Manufacturer/Suppliew: 

Cable Invulatian : ZtlMlme-Propylene (1P).  

Cable Jacket: PoJyethyeens-Chloro-Suffonated. (P-Cl-S).  

Con~ductor Size: 4/0 AUG.  

Number of Conductoru/Volta: 1 600.  

Diameter : 0.019 mn.  

Critical Beat Flux : 20 kU/zn'.  

Chemical Heat of Combustion: 20,100 UJ/kg.  

FiePropagation Test CGRifdio 

Apparatus :500 kI-Soale.  

Cable Lenth 1.29 & 0.506 in.  

Ignition Flux: 50 kU/rn'.  

Ozqgen Concentation : 30 & 40 %.  

Factory'Nutual Classification: 

30 

25 ~GrouS 

~20 

F10 
5Go 

0200 400 0000 1000 1200 
ime [Seconds]
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GROUJP 2 CABLES



FACTORY MUTUAL RESEARCH CORPORATION 

OM2E1 .RC 

Sample Number: 

Sample: 

Cable Type :Confrol & Powr 

Manufacturer/Supplier: 

Cable Insulation : Cron-linked Polyethylene (IPI).  

Cable Jacket : Cross-lnked, Polyethylene (XI).  

Conductor Size: 12 AVG.  

Number of Conductors/Volt.: 3 / 600.  

Diameter : 0.0095 m.  

critical Heat Flux : 20 kW/mII.  

Chemical Heat of Combustion : 12,400 kJ/kg.  

Fire Propagration Test onadition.  

Apparatus : 500 kU-Scale.  

Cable Length : 1.29 & 0.56 m.  

Ignition Flux : 50 kU/rn'.  

Oxygen Concentration : 30 & 40 %.  

Factory Mutual Classification: 

~25 

0 

A10 

5 Grou 1 

0 50 100 150 200 250 300 .350 400 450 500 
Time [Seconds]
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APPENDIX A 

NATIONAL ELECTRICAL CODE 1987 

Cable Designations Based on Insulation and Jacketing Materials 

(Taken from Reference 3)
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Trade Name Type Insulation Jacket 
Letter

Heat-Resistant 
Rubber

Heat 
Resistance 
Rubber

Moisture 
Resistant, 
Flame 
Retardant, 
Non-me tall1i c

Moisture and RHW Moisture & Same as 
Heat-Resistance Heat above 
Rubber Resistance 

Rubber 

Moisture TW Flame Retardant, None 
Resistant Resistant, 
Thermoplastic Thermoplastic 

Heat Resistant THHN_ Flame Retardant, Nylon 
Thermoplastic Heat Resistant 

Thermoplastic 

Moisture and THW Flame Retardant, None 
Heat Resistant Moisture & Heat 
Thermoplastic Resistant 

Thermoplastic 

Same as above THWN Sam .e as above Nylon 

Moisture & Heat XHHW Flame Retardant None 
Resistant Cross Cross Linked 
Linked Synthetic Synthetic 
Polymer Polymer
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APPENDIX B 

FIRE PROPAGATION
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Fire pr opagation is-one of the major processei through which hazardous 

environments are created in fires. Numerous st udies have been performed to 

understand the fire propagation process [29]. The fire propagation rate is 

expressed as a ratio of the heat transfer rate to the material surface to the 

thermal response of the material for both concurrent and opposed flow 

spread. Concurrent flow spread is defined as the fire propagation in the 

direction of the flow; the opposed flow spread is defined as the fire 

propagation in the direction opposite to the gas flow. For concurrent flow 

spread for thermally thick solids, the fire propagation velocity, V, is 

expressed as [35], 

V 12 qof5 612 / (k 11 c & T (B-1) fsfs p 

where V is in m/s; q fs is the maximum flame heat flux to fuel surface ahead 

of the flame front (kW/m2); 6f is an effective flame heat transfer distance 

estimated to be about 0.16 m; k is the thermal conductivity (kW/m-K); 0 is the 

density (g/m3); c p is the specific heat (kJ/g-K); and AT is the difference 

between the ignition temperature and initial surface temperature in K.  

The heat condu ction theory shows that the thermal response of a thermally 

thick material (denominator in Eq. (Bl)) can be expressed as a function of 

time to ignition, tjg: 

t. -12a q./(k p c 11 AT ,(B-2) 

where 2t.g is in seconds; and q. is the heat flux absorbed by the material 

(kW/m2 ). The time to gasification can also be expressed in a similar fashion, 

in which case AT is the difference between the gasification temperature and 

the ambient temperature in K. (koc )1/2AT is defined as thermal response p 
parameter in this report.  

Eqs. (B-i) through (B-2) suggest that the fire propagation process is 

affected by factors which influence the heat transfer rate to the surface of 

the material and its thermal response; the factors are: 1) external heat 

flux; 2) flame heat flux; 3) initial surface temperature of the material; 
14). 02 concentration in the gas flow; and 5) chemical structures, which 

influence decomposition, gasification and combustion of materials. Other
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important factors are gas velocity and pressure, sample orientation and 

thickness. The effects of these factors have been examined in numerous 

studies and theories, and engineering relationships have been developed for 

the flame propagation process [29].  

Extent of Flame Propagation 

The fire propagation on a surface is a process associated with the 

consumption of material vapors and generation of heat and chemical 

compounds. The heat release rate and generation of chemical-compounds can be 

expressed as [261: 

t .t 

E Ch (t) f QCh (t)dt f X~ AHT w (t)dt'= AH Ch W , (B-3) 

ig tig 

t .t 

ig ig 

where ECh (t) is the chemical energy in WJ and M(t) is the mass of compound 

j in gm generated between tig and t; w(t) is the mass generation rate of 

material vapors during the flame propagation process at time t (g/s); AHCh is 

the average chemical heat of combustion (kJ/g); W is the total mass of 

material generated (g); 61(t) is the generation rate of compound j at time t 

(g/s) and Y is the average yield of compound j (g/g). All these quantities 

can be measured experimentally.  

For the vertical fire propagation process, if it is assumed that the 

total chemical energy and total mass of each compound generated and total mass 

of material consumed during the flame propagation process, per unit total 

area, are conserved, then the following relationships should be valid at any 

time during the flame propagation process [26]: 

(t)/A(t) n ,(B-6) 

W(t)/A(t) u,(B-7)

64
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where Wt refers to any specified time; A is the surface area (mn2); &1, q and p 
are constants within each generic group of polymers. is in kJ/m 2, and p 

21 
are in g/m2; A is equal to nI di for a single cable,- where d is the diameter of 
the cable (Wn and t. is the effective combustion length (Wn. A i3'equal to 

lid n h for grouped cable (cables attached diameter-to-diameter to a support of 

inert material), n is the number of cables and h is the effective combustion 

height (in).  

From Eqs. (B-5) to (B-7), the following relationships can be derived for 

the extent of firee propagation [261: 

Single Cable 

tit) =ECh (t)/ld~ M (t)/fldn WWt/ldv. (B-8) 

Grouped Cables with Vertical Configuration 

-W(t)/(ldn 1u). (B-9) 

The fire propagation rate then can be expressed as: 

V(t) =di(t)/dt =dh(t)/dt. (B-10) 

Since ECh (t), Mi(t) or W (t depend on burn out, pyrolysis and 

combustion, the computed values of I and h will vary accordingly. V(t) in 

Eq. (B-10) thus may be considered as an average fire propagation rate.  

From Eq. (B-i), assuming 1) cable width to be equal to mid, where n is 

the number of cables and d is the overall cable diameter, and 2) radiative 

component of the chemical heat release rate, XR, to be 0.40,[26]: 

V 12a (0.40 0 h /nvd) 1/ T(koc 12 B-1 em 

Cable data satisfy Eq. (11) as shown in Figure 1B, where XR is assumed to 

equal to 0.40.
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Vertical Fire Propagation 
for Electrical Cables

0.18 u rys,. c~r, rz 
A PEI EP. & I 
0 IPE. XPO. 1 

0.15 0 EP. EP-FR 
* PVF, FEP & 
0 Solid Pine 

0.12 

0.09 

IN 

>0.06 

0.00 
0.00 0.01 

(XR~c 1L/7Td)"13
0.02 

/AT (kpcp)1/ 2
0.03 0.04 

[M5/3/kW2/ 3S"'2]

Figure 1B. Relationship between Fire Propagation Rate and the Ratio of 
Flame Heat Flux to the Thermal Response of the Cable. XR assumed to be 
equal to 0.40O.
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For a cable under two different heat flux values, from Eq. (B-1), 

(V I/V 2)1/ q, /2 (B-12) 

It is thus possible to correct fire propagation velocity for the enhancement 

of flame heat flux, under specific geometrical arrangements.
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APPENDIX C 

RELATIONSHIPS FOR THE CALCULATION OF TOTAL MASS AND 

VOLUMETRIC FLOW RATES, GENERATION RATES OF FIRE PRODUCTS 

(SMOKE, CHEMICAL COMPOUNDS AND HEAT) AND LIGHT OBSCURATION 

(TAKEN FROM REFERENCE 13)
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TOTAL VOLUMETRIC AND MASS FLOW RATES OF PRODUCT-AIR 

MIXTURE THROUGH THE SAMPLING DUCT 

The flow rates are calculated from measurements of: 1) pressure drop 

across the measuring orifice plate, Apm; 2) pressure inside the sampling duct 

Pd;and 3) bulk gas temperature in the duct, T d. Using these 'measurements, 
the flow rates in g/s are calculated from the relationship given in 

Reference 40: 

34.783 Kd 2 F a(Ap II ) 112 (C-1) 

where r is the mass flow rate; K =flow coefficient of the orifice in the 

duct; d =orifice opening diameter (cm); F a =thermal expansion factor of 

metal (assumed to be unity); Ap = pressure drop across the orifice (g/cm 2) 

and p =.density of the gaseous mixture flowing through the duct (g/cm3 .  

The density of the gaseous mixture, assumed to be ideal, can be expressed 

as follows: 

0 11.798 (p d/T d) MW (C-2) 

wher e Pd =pressure of the gaseous mixtures in the duct (g/cm 2); T d = bulk gas 

temperature (K); and MW =molecular weight of the gaseous mixture.  

From Eqs. (C-1) and (C-2) 

m=119.48 K d 2[&p (Pd /T d) MW] 1 (C-3) 

If the products are diluted by large amounts of air, the molecular weight 

is approximately equal to 28.93 (i.e., the molecular weight of air) and Eq.  

(C-3) can be written as: 

I (kg/s) =0.6426 Kd 2 [A (p d/ "'] 12  (C-'4) 

In the FM Small-Scale Flammability Apparatus, the orifice plate diameter, 

d, is 5.08 cm. To determine the value of the flow coefficient K, the funnel 

(Figure 1A) was replaced by a calibration orifice plate. Experiments were
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performed with ambient air to measure the pressure drop across both plates 

(the calibration orifice plate and the orifice plate in the duct) 

simultaneously. The flow coefficient was calculated using the following 

equation:

K II =K d c2 ( d1/2 /d112 (m11/2 (C-5)

where the subscript c refers to the calibration orifice plate and the 

subscript m refers to the measuring orifice plate in the duct. For this 

calculation, Kc was assumed to be equal to 0.61 and dc was 4.06 cm. Using dm 

equal to 5.08 cm, the average value of K. was 0.62.  

In the experiments, Ap is measured in cm H20 and Pd is measured in 

kg/cm2. Using these units and the values of Km and dm in Eq. (C-4), the mass 

flow rate can be expressed as:

mi (kg/s) = 0.02032 KIId m (A 1/2 (pd /T d)1

and the volumetric flow rate from Eqs. (C-2) and (C-6) is: 

'(m
3/s) = ;P= 0.00005953 Kmdm 2 .(Ar M) 1/2 (T d/p d) 112

(C-6)

(C-7)

In the experiments Apm, Pd and Td are measured at one second (or longer) 

intervals. The mass and volumetric flow rates are calculated by substituting 

measured values into Eqs. (C-6) and (C-7),. together with'the values of Km and 
dm.  

GENERATION RATES OF FIRE PRODUCTS - HEAT, SMOKE AND CHEMICAL COMPOUNDS 

GENERATION OF FIRE PRODUCTS 

Fire products consist of heat and mixture of smoke and chemical 

compounds.  

Smoke and chemical compounds can be generated in both nonflaming and 

flaming fires. The mass generation rate of a chemical compound per unit 

sample surface area, Gcan be expressed as:
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APPENDIX D 

HEAT FLUX CALCULATIONS FOR SUSTAINED 

ELECTRICAL OVERLOADING OF POWER CABLES
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G- VC / (C-8) 

where G" is in g/m2s; v is given by Eq. (C-i); C1 is the measured 

concentration of compound J; and pjis the density of the compound, given by 

Eq. (C-2); and A is the surface area of the sample (in) 

From Eqs. (C-2), (C-7) and (C-B), if c1 is expressed in ppm, 

de=0.07025 x 10- K (d )2 c (MW)(& ) 112 (/T)1/2 (C-9) J in m (dTd) 

In the experiments, concentrations of CO2, CO, smoke and total gaseous 

hydrocarbons, as well as Apm, Pd and Td, are monitored at one second interval 

(or longer). The generation rates are calculated fr~om E q. (C-9). The data 

for the generate rates are time shifted to account for delays with the gas 

sampling lines and the instrument responses.  

Heat Release Rate 

In flaming fires, heat is generated in chemical reactions where CO and 

CO2 are the main products and combustible vapors and 02are the main 

reactants. In our studies heat generated in chemical reactions in fires is 

defined as chemical heat (32). For the, calculation of the chemical heat 

release rate, the following relationships, based on generation rates of CO and 

CO2 and depletion rate of 0,have been developed (30): 

QCh = (HI/kGO 2) GCO 2 -[(AH T- AHCo kCo )/kco) G Coll (C-10) 

QCh =(AHT/ko ) Dbo (C-11) 
2 2 

where %h is the chemical heat release rate (kW/m2) AHT is the net heat of 

complete combustion (kJ/g);. AHCO is the heat of combustion of CO (kJ/g); GCO 

and 6Coare the generation rates of CO and C02, respectively, and b" is the2 

depletion rate of 02 (g/m s); kCO2 is the theoretical'yield of CO2 when all .the carbon initially present in the material is converted to CO2 (g/g); kCo is 

the theoretical yield of CO when all tho carbon initially present in the
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material is converted to CO (g/g); and ko is the mass stoichiometric oxygen 

to fuel ratio (g/g). The net heat of complete combustion can be measured in 

an Oxygen Bomb Calorimeter; the values of kCO , kco and kocan be calculated 
from the elemental composition of the material, which can also be measured.  

For less accurate results, average values of alHT/kCo , AHIF/kCO and ATk 
reported in the literature (30), can be used. Thus, for the determination of 

Q~,measurements for the generation rates of CO and CO2 and depletion rate of 

02are needed.  

LIGHT OBSCURATION 

The fraction of light transmitted through smoke, I/It,, can be expressed 

as, 

In(I 0/1) = 1c (C-12) 

where I. is the optical path length (in); o is the mass attenuation coefficient 

of smoke (m2 /g); and c is the mass concentration of smoke (gum3). in(10/1) is 

defined as the optical density, D (also expressed as log rather than in).  

In the experiments, I and I0 are recorded at 1-s intervals (or longer) 

and D is calculated, for 0.10 In optical path length, as a function of time for 

three wavelengths: 0.458, 0.624, and 1.06 p.
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According to the Ohm's law, relationship between voltage (V), current (1) 
and resistance (R) is given by,

V = IR (D-1)

where V is in volts, I is in ainpers and A is in ohms.  

The electrical power, P (in watt) delivered to the conductor 

imposed current is given by, 

P = IV

due to the 

(D-2)

From Eq. (D-1),

P =1 2 R (D- 3)

which is the heat dissipation from the conductor.  

Now, assuming uniform energy conversion within the conductor and 

disregarding end effects,

I1 R -3 
qI-Acond 1 (D-4I)

where qis the heat flux due to imposed current, per unit conductor surface 
area (kW/m2 ) and Acond is the surface area of the conductor (in2) and is given 
by

Acond =d R (D-5)

where d is the diameter of the conductor (mn) and t is the length of the 
conductor (Wn.  

The energy for vapor formation from a cable, due to overload current, can 

be expressed as,

to 

E qIX (D-6)

where tv is the time to vaporization (sec). E1 is in kJ/m 2.
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APPENDIX E

CABLE CLASSIFICATION 

ON FIREPROPAGATION

BASED 

INDEX

GROUP 1 CABLES
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Figure .17. Vertical Fire Propagation for Ethylene Propylene Rubber 

or Crosslinked Polyeth ylenew-Crosslinked Polyolefin Cable.  
Conditions: Number ofCables, Cable Length (in), Oxygen (Z) and 

External Heat Flux (lc/m 2 ) respectively:... 1,* 0.61, 40 and 

50: ------ 3B , 0.61, 40. and 50---: 1, 0.38, 40 and 0; 
-:1, 0.10, 21 and 50. (3B: Bundle of Three Cables).  

10 7

00200 400 O0 800 1000 1200 1400 1600 
Time [Sec] 

Figure 18. Vertical Fire Propagation for Crosslinked Polyethylene
Crosslinked Polyolefin Cable. Conditions: Number of 2 

Cables. Cable Length (i). Oxygen (%) and External Heat Flux (kW/m) 

respectively:......... 0.61. 40. and 50;-.-: 1. 0.38. 40. and.  
I n In ?I and 50.
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Figure 19. Vertical Fire Propagation for Crosslinked Polyethylene
Crosslinked Polyolefin Cable. Conditions: Number of 
Cables, Cable Length (mn). oxygen (%.) and External Heat Flux 

(/m)respectively: ...... : 1. 0.61, 40 and 50;------ : 3B, 
0.61w 40 and 50;- -: 1, 0.38, 40 and 0;-: 1. 0.10. 21 
and 50. (3B: Bundle of Three Cables).

0 200 400 60 am 1000 1200 
Time' [see]

Figure 20. Vertical Fire Propagation for Crosslinked Polyolefln/ 
Polyvinyridine Fl uoride-Crosslinkad Polyolefin Cable.  
Conditions: Number of Cables. Cable Length (in). oxygen (%) and 
External HeatFlux (kW/m 2) respectively: ........... : 1. 0.61,* 40 
and 50; ----- -:38. 0.61. 40. and 50:-.-- 1. 0.38. 40 and 0; 

-: 1. 0.10. 21 and 50. (38: Bundle of Three Cables).  
30
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Figure 21. VJertical Fire Propagation for Crosslinked Polyolefin! 
Polyvinylidine Fluoride-Crosslin ked Polyolefin Cable.  
Conditions: Number of Cables. Cable Length (in), Oxygen (IC) and 

External Heat Flux (kW/m 2) respectively: ......... : 1, 0.61. 40 
and 50;.------- : 3B. 0.61, 40, and 50-.-: 1, 0.38, 40 and 0; 
_:_ 1, 0.10, 21 and 50. (3B: Bundle of Three Cables).

w0 200 .400 600 800 1000 1200 1400 1600 1800 2000 
time [see] 

Figure 22. Vertical Fire Propagiation fQr Silicone Rubber-Cross 
Linked Polyolefin Cable. Conditions: Numer of 
Cables. Cable Length (in). 2Oxygen Concentration (%) and 

External Heat Flux (kW/m ) Respectively: .......... 1, 0.61.  
40. and 50 and - 1, 0.10, 21 and 50.
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Figure 23. Vertical Fire Propagation. for Silicone Rubber-Cross 
Linked Poly olefin/Metol Armor Cable. Conditions: 
Number of Cables. Cable Length (in), Oxygen Concentration (.  

and External Heat Flux (kW/m 2 ) Respectively: ......... : 1, 
0.61, 40. and 50 and-: 1. 0. 10, 21 and 50.

S15 

o10

0o 0 100 200 300 400 500 600 700 60 
Time [Dec]

Figure 24. Vertical Fire Propagation for Polypropylene/Palyester
Polyvinyl Chloride Cable. Conditions: Number of Cables.  
Cable Length (in). Oxygen Concentration (%.) and External Heat 
flux (kW/m 2) respectively:........ : 1. 0.61, 40 and 50--:- 1.  
0.38 , 40, and 0: ------ : 1. 0.25. 40 and 0 and-:1. 0.10.'21 
and 50.
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sample. Cables for which FPI values were equal to or greater than 20, showed 

very rapid fire propagation, taking a few minutes to reach to the top of the 

0.61 mn (2 ft) long cable sample. Cables for which the FPI values were equal 

to or greater than 10 but less than 20, showed that the fire propagation was 

self-sustained; the rate was not very rapid, increasing linearly with time.  

Based on these experimental results, cables thus were classified into three 

groups as shown in Table III: 

1) Group 1: Cables with FPI values less than 10 belong to this group.  

Cables in Group 1 are not expected to have self-sustained fires. Group 1 

cables are not expected to require protection in the absence of extended 

external heat sources and with adequate electrical protection to prevent 

sustained overloading and arcing due to thermal damige threat (such as, 

sprinklers). Based on the data from this study and our other study [21], it 

may be possible to divide Group 1 cables into two subgroups: 1) Group 1A 

cables for which non-thermal damage (damage due to smoke; toxic and corrosive 

compounds) is expected to be negligibly small, and 2) Group 1B cables for 

which non-thermal damage (damage due to smoke, toxic and corrosive compounds) 

is expected.  

Several cables belong to Group 1, as can be noted in Figures 15 to 24 and 

in Appendix E. Group 1 classification of cables, which are "less flammable" 

cables, has satisfied the objective of this study.  

2) Group 2: Cables with FPI values equal1 to or greater than 10 but less 

than 20 belong to this group. Fires are expected to be self-sustained, and 

fire growth rates are expected to increase linearly. For Group 2 cables, fire 

protection would be required. Electrical protection will be required for 

Group 2 cables. Several cables belong to Group 2, as can be noted in 

Appendix E.  

3) Group 3: Cable with FPI values equal to or greater than 20 belong to 

this group. Fires are expected to be self-sustained, and the fire propagation 

rates are expected to increase very rapidly. Fire protection would be 

required. Several cables belong to Group 3, as can be noted in Figure 2~4 and 

in Appendix E.
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3.41 LARGE-SCALE VALIDATION TESTS FOR THE FIRE PROPAGATION 
INDEX 

Large-scale validation tests were performed in the Factory 
Mutual 

Large-Scale Flammability Apparatus (Fire Products Collector), shown in 

Figure 1C. This Apparatus works under the same principles as the 
Factory 

Mutual Small- (10 kW-) and Intermediate-Scale 500 kW-Scale) Flammlability 

Apparatuses.  

In the large-scale tests, two 4.9 m (16 ft) long and 0.61 m (2 ft) wide 

vertical sheets of Marinite, separated by about 0.30 
m (1 ft), were used. A 

single layer of cables, touching each other, was attached to both Marinite 

sheets. For ignition, a 61 kW (210,000 Btu/hr) propane air sand burner with a 

flame height of about 0.60 m (2 ft) was used. The burner was placed at the 

bottom between the two sheets as shown in Figure 1C. .Under this geometry, 

flame radiation is enhanced by about 50% [2611 and is expected to assist in the 

self-sustained fire propagation extending it beyond the heat flux zone of the 

propane burner 

All the fire products generated during fire propagation were 
captured in 

the sampling duct of the Apparatus with air and measurements made in the duct 

to determine the chemical heat release rate, very similar to the determination 

in the Factory Mutual Small- (10 kW-) and Intermediate-Scale 500 kW-Scale) 

Flammnability Apparatuses. In these tests, five cable types were tested 

(Appendix E): 1) Group 3 cable: polyethylene/polyvifl lchloride (PE/PVC) 

cable (diameter = 0.011 in); 2) Group 1 cables: a) PVC/polyvinylidene fluoride 

(PVF), UL Type CMP, UL 910 approved, plenum cable (diameter =0.005 in); 

b) crosslinked polyethylene (XLPE)/ethylene vinyl-acetate (EVA) cable 

(diameter = 0.012 in); c) XLPE/neoprene cable (diameter =0.015 m) and d) 

crosslinked polyolefin/Cross]inked polyolefin (XLPOIXLPO) 
(diameter 

0.016 in).  

~This geometry was selected as it is expected to present 
a fairly severe 

challenge to the cable due to flame radiation exchange between the 
parallel 

cable surfaces. Heat losses due to surface reradiation is essentially zero.  

In large-scall fires, flame heat~ flux to the surface is in the range of about 

50 to 60 kW/rn for the type of plastics used in cable construction [33]. 
The 

surface reradiation is very close to the critical heat flux 
value, which is in 

the range of about half the flame heat flux value (Table 
11I).
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After ignition and during fire propagation, all the fire products were 

collected in the sampling duct of the FM Large-Scale (5000 kW-Scale) 

Flammability Apparatus, also called the Fire Products Collector. In the duct, 

measurements were made for the chemical heat release rate, very similar to 

those made in the FM Small- (10 kW-) and Intermediate-Scale (500 kW-Scale) 

Flammability Apparatuses. The data were used to calculate; 1) the fire 

propagation velocity (using Eq. B13 in Appendix B), and 2) the Fire Propaga

tion Index using chemical heat release rate during fire propagation and 

thermal response parameter values from Table III. Visual observations for the 

large-scale cable fire tests are reported in Table IV., 

In the large-scale tests, fire propagation was very rapid for Group 3 

cable (PE/PVC), as can be noted in Table IV. The fire reached the top of the 

cable sheets in about 2 minutes. For Group 1 cables, for test durations of 30 

minutes, the extent of fire propagation beyond the heat flux zone of the 

propane burner-was about 0.9 m (3 ft) for PVF/PVC cable; 1.5 m (5 ft) for 

XLPE/neoprene cable; 3.0 m (10 ft) for XLPE/EVA cable and 3.7 m (12 ft) for 

t he XLPO/XLPO cable. For Group 1 cables, fire propagation beyond the heat 

flux zone of the propane burner is assisted by the enhancement of the flame 

heat flux (by about 50%), because of the two parallel vertical plate geometry 

of cables use d in the test [26]. This was confirmed by turning off the 

burner, at which point the fire extinguished and repropagated as the burner 

was turned on (example given for XLPO/XLPO cable in Table IV).  

Figure 25 (taken from Reference 26) shows the calculated fire propagation 

rate as a function of time for the large-scale cable fire tests. As can be 

noted, for PE/PVC cable, which is a Group 3 cable,, fire propagation rate is 

very rapid. In the actual test, fire reached the top of the cable sheets 

about 2 minutes after the cable was ignited (Table IV). The fire burned very 

intensely and extended into the sampling duct of the apparatus; it was 

extinguished immediately with water hoses. For Group 1 cables, the fire 

propagation rates are less than 5 urn/s for about 20 minutes for all the 

cables, with fire reaching a maximum of about 3.0 m (10 ft) (XLPO-XLPO cable) 

beyond the burner heat flux zone. Beyond 20 minutes, the rate increases to, 

about 7 urn/s. As discussed before, the fire propagation rates are expected to 

be higher for these tests, because of the test geometry of the cables where 

flame heat flux is enhanced,(by about 50%) [26]. Using heat flux enhancement
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TABLE IV 

VISUAL OISERvATIONS IN LARGE-SCALE CABLE FIRE TESTe 

Cable SmleS (nsuiatiol/Jacket)b 

T ime (0) PE/PVC ILPE/Noprefe FVCIPV F ILPO/XLPO XLPE/EVA 

Burner Burner flame Burner tioe Burner flime Burner fimw Burner fime 

Turned On height a 0.6 a height - 0.6 a height a 0.6 . height a 0.6 m height s 0.6 a 

( t)(2 ft) (2 ft) (2 ft) (2tft)

2 Very rapid fire 
propagation.  
Reached the top 
in 2 min, thick 
grey ish black 
Smake.  

4i Very intense 
fire. used water 
hose to extinguish 
both cable sheets.  
Damage: 4i.9 a 
(16 ft) 

6 

8 

10 

12 

141 

16

So fire propag
tion beyonc he 
heat flux zone 
of the burner.  
Slack Smake .  

Fire propagated 
to 0.3 (10 ft) 
beyond the heat 
flux zone of the 
burner. Thick 
black smoke.  

Fire propagated 
to 0.9 m (3 ft) 
beyond the burner 
heat flux zone.  
Thick black smake.  

Fire propagated 
to 1.5 m (5 ft) 
beyond the burner 
heat flux zone.  
Flickering tlmes.  
Thick black make.  

Flames at 1.5 m 
(5 ft) beyond the 
burner heat flux 
zone. Flickering 
fimes. Thick 
black Smoke.  

Flames at 1.5.m 
(5 ft) beyond the 
burner heat flux 
zone. Flickering 
flames. Light 
grey smake.  

Fiames At 1.5.I 
(5 ft) beyond the 
burner heat flux 
zone. Flickering 
fimes. Light 
grey smake.  

Same as above

No fire propaga
tion beyond the 
heat flux zone 
of the burner., 
Very light white 
Smoke.  

Sam as above.  

Sam as above.  

Sam as above.  

Fire propagated 
to 0.1 a (0.3 ft) 
beyond the burner 
heat flux zone.  
Flickering flimes.  
Very light white 
smoke.  

Fire propagated 
to 0.2 a (0.5 ft) 
beyond the burner 
heat tlux zone.  
Flickering flame.  
Very light white 
Smake.  

Sam as above.  
Burner turned 
otf. Flames extin
guished. Extent 

Of damage 0. 9 a 
(3 ft).

tion beyond the 
heat flux zone 
ot the burner.  
Grey Smoke.  

Sam as above.  

Fire propagated 
to 0.2 a (0.5 ft) 
beyond the burner 
heat flux zone.  
Thick black Smoke.  

Fire propagated 
0.3 a (I ft) 
beyond the burner 
heat flux zone.  
Thick grey smoke.  

Fire propagated 
to 1.2.a (4 ft) 
beyond the burner 
heat flux zone.  
Thick dark grey 
smake.  

Fire propagated 
to 1.5 m (5 ft) 
beyond the burner 
heat flux zone.  
Thick dark grey 
smoke.  

Fire propagated 
to 1.8.0 (6 ft) 
beyond the burner 
heat flux zne.  
Thick very dark 
grey smoke.  

Flows at 1.8.a 
(6 tt) beyond 
the burner heat 
flux zone . Thick 
very dark grey 
mooke.

tio bieypodatae 
htolubeonte 

the flurzne 
Vfer lightr 

bluish Smoke

Sam as above.  

Same as above.  

Fire propagated 
to 0.1 .(0.3 ft) 
beyond the burner 
heat flux Zone.  
Light bluish smke.  

Fire propagated 
to 0.2 8 (0.5 ft) 
beyond the burner 
heat flux zone.  
Light bluish Smake.  

Fire propagated 
to 0.3 0 (1 ft) 
beyond the burner 
heat flux zone.  
Light biuish smake.  

Fire propagated 
to 0.9 a (3 ft) 
beyond. the burner 
heat flux zone.  
Light bluish Smake.
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TAK.E IV (aomt.) 

VISUAL OSERVATIOS-11I LARGE-SCALE CABLE FIRE IESISa 

Cable Sales (Insulation/jaokqtb
ILWJN.enr.n. Pvc/pvF

Flaws at 0.9 a 
(3 ft) beyond the 
burner heat flux 
zone. Flickering 
flawsg. Light 
grey maoke.  

Burner turned off.  
Fl ame s extinguish
ed. Wh~itish grey 
smoke at the end.  
Extent of damage: 
0.9 m (3 ft)

Fire propagated 
to 3.0.0 (10 ft) 
beyond the burner 
heat flux zone.  
Thick very dark 
grey maoke.  
Flickering flames.  

Flames at 3.0.x 
(10 ft) beyond the 
burner heat flux 
zone. Flickering 
flames. Burner 
turned of f. Flames 
extinguished with 
light grey smake.

Flames 
(3 ft) 
burner 
zone.  
bluish

at 0. 9 0 
beyond the 
heat f, ix 
Light 
moke.

Burner off.

Burner turned on.  
Fire propagation 
on only one side 
surface to 2.1 m 
(7 ft) beyond the 
burner heat flux 
zone. Grey smake.  

Sam as above.

Flames 
(3 ft) 
burner 
zone.

at 0.9 a 
beyond the 
heat flux 
Grey smake.

Flames within the 
burner heat flux 
zone. Burner 
turned off. Flame 
extinguished.  
Extent of damage 
3.7 a (12 ft).

Fire propagated 
to 1.8 a (6 ft) 
beyond the burner 
heat flux zone.  
Light bluish smoke.  

Fire propagated 
to 3.0.a (10 ft) 
beyond the burner 
heat flux zone.  
Light bluish smoke.  

Flames at 3.0 a 
(10 ft) beyond the 
burner heat flux 
zone. Light bluish 
smoke.  

Same as above 

Burner turned off.  
Cable kept burning.  
Used water hose to 
extinguish. Extent 
of damage 3.0 0 
(10 ft)

a: Two 4.9 
Harinlte 
(210,000 
enhanced 
Products

m (16 ft) long, 0.61 m (2 ft) wide single layer of cables, touching each other and attached to 
Sheets separated by 0.30 a (1 ft); cables facing each other. Ignition source: 61 kW 

Btu/hr) propane sand burner at the bottom between the two sheets. In this geometry flame heat flux 
by about S0O. Apparatus: Factory Mutual Large-Scale (500 kW-scale) Flambility Apparatus (fire

.b: All the length measurements given In the colms are estimated based on visual observation: PE: polyethylene; PVC: polyvinyl chloride; ILPE: croas-linked polyethylene; PV?: polywinylidene fluoride; 
ILPO: cross linked polyolef in; EVA: ethyl vinyl acetate.

. .im (ml wpvc ILWiI~VA

Samw as above

'Tim (al K/PVC JrLPE/m- PVC/PVF KLPE/EVA
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correction (Eq. B-14l in Appendix B), the average 'fire propagation rates from 

the large-scale cable fire tests show very good agreement with the peak 

average fire propagation rates from-the small-scale cable fire tests, as shown 

in Figure 26, taken from Reference 26.  

Figures 27 through 31 show the Fire Propagation Index (FPI).profiles in 

the small- and large-scale cable fires for the five cables, where the large

scale FPI values have not been corrected for the 50% flame heat flux 

enhancement. The FPI values from small-scale and large-scale fires for each 

cable remain within the boundaries of the cable for at least up to 1000 s.  

The FPI value for PE/PVC cable (Figure 27) is higher in the large-scale test 

than in the small-scale test, suggesting that PE/PVC cable, which is a Group 3 

cable, has higher sensitivity to the enhancement of flame heat flux. The 

large-scale FPI values for XLPO/XLPO and XLPE/EVA cables (Figures 30 and 31) 

show increase with time, when the propane-air sand burner is left on. The 

data thus suggest that these two Group 1 cables are also very sensitive to the 

enhancement of flame heat flux. XLPE/Neoprene and PVC/PVF cables (Figures 28 

and 29) which are Group 1 cables, on the other hand, appear to be less . sensitive to the enhancement of flame heat flux.  

3.5 ELECTRICAL FAULTS AND FIRE PROPAGATION 

As discussed in the Introduction Section, the objective of this study was 

to develop cable classification to identify "less flammable" cables which can 

be accepted without fire protection in occupancies such as control rooms, 

cable spreading rooms and others where cables are the only combustibles. The 

Factory Mutual Ad Hoc Committee on Cable Flammability considered various 

ignition scenarios. The Commnittee concluded that cables subjected to external 

ignition by combustible construction or occupancy were not within the scope of 

the assignment as such areas should normally be protected. In areas of 

noncombustible occupancies and constructions, several ignition modes were 

discussed by the Coummittee. They were: 

(1) Ignition of continuous combustible deposit, dust, oil, etc.  

(2) Ignition from minor sources (e.g., welding slag, small items of 

trash, etc.); and 

(3) Electrical ignition from arcing or overload.
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Figure 25. Fire Propagation Rate in Large-Scale Cable Fire Tests Performed in 

the Factory Mutual Large-Scale (5000kW-Scale) Flammability Apparatus (Fire 
Products Collector). PE: Polyethylene; PVC: Polyvinylchloride; PVF: Poly

vinylidene Floride; XPE: Crosslinked Polyethylene; PCP: Neoprene; EVA: 

Ethylvinyl Acetate; XPO: Crosslinked Polyolef in.
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Figure 26. Correlation Between Small-Scale and Large-Scale 
Fire Test Data for Fire Propagation Rate. Large-Scale Data 
Corrected for 50% Enhancement of the Flame Heat Flux.
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Figure 27. Fire Propagation Index for Po!1yethyle4ne-Polyvinyt 
Chloride Cable (Diameter -0.011 m) in Smad- and Large
Scale Cable Fire Tests.  
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Figure 28. Fire Propagation Index for Crosslinked Polyethylene
Neoprene Cable (Diameter - 0.015 m) in Small- anid Large
Scale Cable Fire Tests.
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Figure 29. Fire Propagation Index for 
vinylidene Fluoride CablIe (Diameter 
Large-Scale Cable Fire'Tests.
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Figure 30. Fire Propagation 
Crosslinked Polyolefin Cable 
and Large-Scale Cable Fire

Index for Crosslinked Polyolefin
O Damneter = 0.016 m) In Small
Tests.
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Fig ure 31. Fire Pro oation Index for CrossNnked Polyethylene
Ethyl Vinyl Acetate Cable (Diameter = 0.012 m) In Small
and Large-Scale Cable Fire Teots.



FACTORY MUTUAL RESEARCH CORPORATION

OM2EI.RC 

The Comittee agreed that areas having combustible deposits, Oil 

accumulations, etc., were areas where the deficiency permitting the 

accumulations should be corrected or protection be provided [14). Ignition 

from welding slag or a minor trash fire was considered to be analogous to 

ignition from sustained electrical arcing. A cable resistant to arcing 

ignition was considered to also exhibit reasonable resistance to minor fires 

or welding ignition.  

Ignition by electrical arcing and/or overload was considered the key 

parameter. The Committee referred to the work done by the Sandia National 
Laboratories [6]. This laboratory investigated cable flammability for nuclear 

stations and determined that arcing Was not a significant ignition source of 

cables Used in those applications. Some simple bench-scale tests on various 

types of cables confirmed that arcing ignition on cable samples was an 

unlikely ignition source by itself. In these evaluations (in which burning 

metal was used to simulate the arc), heat was radiated to the environment and 

ignition was not sustained.  

The Factory Mutual Hazards Laboratory also reviewed bench-scale test 

results [4], where it was found that cables did exhibit different ignition 

characteristics. Once the conductor became hot, however, all of the cables 

propagated a fire. Under conditions of electrical overload, elevated 

conductor temperatures were likely. This introduced the possibility that the 

worst condition affecting cable flammability could occur during an overload 

condition.  

The Committee reviewed the literature and contacted several cable 

manufacturers regarding fire testing under conditions of electrical over

load. Except for single conductor overload tests done by Sandia [6], no other 

documented test results could be found. The Sandia-results indicated overload 

was not a major problem. The Committee believed the reason for this absence 

of data Is that almost all cable testing has been done for nuclear stations.  

Electrical protection design and maintenance in nuclear stations are much more 

rigorous than in the average industrial or fossil-fuel power plant [141. In 

these plants, breaker failures can and have occurred and represent a hazard 

which must be considered in establishing cable flammability parameters ([4].  

A series of overload tests were conducted at Factory Mutual [4]. These 
tests confirmed that overload could result in ignition of even the least
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flammable cables, as well as one cable coa .ted withi an FM-Approved coating.  

Ignition was often accompanied by rupture of cable 
jacket/insulation and the 

release of gaseous flammable degradation products.  

Since the recommendat ions of the FM Ad Hoc Committee 
on Cable 

Flammability, several studies and loss investigations dealing with cable fires 

with ignition of electrical origin have been and are continuing to be 

performed at Factory Mutual [37-39]. In this study, exploratory testing 

dealing with sustained electrical overloading conditions was undertaken to 

investigate its effects on fire propagation.  

3.5.1 Exploratory Testing of Sustained Electrical Overloadini of Power Cables 

For the application Of sustained electrical overloading, 
the Factory 

Mutual Multi-Amp Circuit Breaker Tester (Model CB-225) was Used. This tester 

can provide up to 4500 amperes with very low voltage (about 5 to 7.5 volts).  

In the study, a single vertical cable, 1.37 m (14.5 ft) in length, was 

used with the arrangement very similar to the one used in the fire propagation 

tests in the Factory Mutual Intermediate-Scale (500 kW-Scale) Flammability 

Apparatus. No glass tube was used and the tests were performed under free air 

flow conditions. Both ends of the cable conductors were connected to 
special 

aluminum wire connectors (ILSO, PB3-600). The FM Multi-Amp Tester was 

connected to the special aluminum wire connectors through two 
1.5 m (5 ft) 

long parallel cables (14/0 AUG. flexible welding cable). In the tests, 

measurements were made for: 1) voltage across the cable sample, 2) surface 

temperature using a cement on foil thermocouple located 
at about 0.69 m 

(2.3 ft) from the bottom of the cable, and 3) conductor 
temperature using an 

ungrounded junction thermocouple probe, located very close to the surface 

thermocouple and introduced perpendicularly through the insulation/jacket 

materials.  

In the tests, the load current applied to the cable was held constant and 

surface temperature and conductor temperature were measured as functions of, 

time. Visual observations were also made for time to vapor 
formation. After 

the surface and conductor temperatures reached conditions 
for ignition, a 

butane burner was used to ignite the cable vapor air mixture. This procedure 

was repeated for different load currents.  

The experimental data for load current and surface and conductor 

temperatures were Used to calculate the heat flux to the 
cable and temperature 

to vapor formation. The time to vaporization was very close to time to
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* ignition at the critical heat flux. Th e details of the heat flux calculations 

are described in Appendix D.  

* Figure 32 shows the experimental data for time to vaporization at various 

sustained overload current values. Figure 33 shows inverse of the energy for 

vaporization (Eq. (D-6) in Appendix D) at various sustained overload current 

values. By extrapolation, a critical overload current (or critical heat flux, 

Eq. (D-14) in Appendix D) at or below which vaporization of the cable is not 

expected can be determined. The critical overload current values determined 

in this fashion are listed in Column 5 in Table V. Data for wire size, 

ampacity and vaporization temperature are also included in this Table. The 

data in Table V suggest that under sustained overload conditions, if the 

overload current is in the range of 1.14 to 2.2 timeS the ampacity of the cable 

or above this range, the cable insulation/jacket materials are expected to 

vaporize.  

Figure 314 shows a plot of the inverse of time to vaporization versus heat 

flux due to current (calculated from Eq. (D-J4) in Appendix D). The . vaporization relationships shown in Figure 314 for internal cable heating is 

very similar to the ignition relationships shown in Figures 3 to 12, as 

expected, because vapor formation and ignition are very similar processes in 

terms of heat transfer considerations.  

In the study it was found that once the current overload was set to give 

the critical heat flux for ignition, fire propagation was instantaneous, 

irrespective of the cable classification. This is shown in Figure 35 for a 

cable, where time to ignition using external heat flux and time to 

vaporization using internal heat flux are shown. The internal and external 

heat flux data follow each other, as expected, in terms of energy 

requirements.  

The exploratory test results thus suggest that all cables, irrespective 

of their classification, are expected to have fire propagation in the presence 

of electrical faults and cable overheating. At the critical heat flux 

conditions, fire propagation would be very rapid, irrespective of cable 

classification. The data from the study suggest that if the overload current 

is in the range of 2.9 to 3.3 times the ampacity of the cable or above,
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TABLE V 

CABLE VAPOR FORMATION DATA UNDER 
SUSTAINED ELECTRICAL OVERLOADa

Insulation! 
Jacket

EP/PE-CL-S 

EP/PE-CI-S 

XLPE/EVA 

FR-EP 

FR-EP 

PE-CL-S

Wi re 
Size 
(AWG)

~4/0 

2/0 

2/0 

2/0 

4/0 

250 MCM

Ampacityb 
*900C 
(Amps)

Vaporization 
Temperature, 

(00)

J42 1 

312 

2145 

312 

421 

473

Critical Overload at 
or Below which the 
Cable is Not Expected 
to Vaporize (Amp) 

600 

- 450 

350 

600 

850 

1050

a: Single 1.37 m (4.5 ft) long vertical cable in free air initially 
at ambient temperature (21*C).  

b: Taken from Reference 3.
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critical conditions for instantaneous fire propagation are expected to be 

present. Thus electrical protection for Groups 1, 2 and 3 cables is very 

important, such that cable overheating does not reach the critical heat flux 

conditions for ignition and instantaneous fire propagtation.  

3.6 CABLE CLASSIFICATION BASED ON THE FIRE PROPAGATION INDEX, THE 
IEEE-383 TEST AND THE NATIONAL ELECTRICAL CODE FOR FIRE RESISTANCE 
OF TELECOMMUNICATION CABLES 

Table VI lists cable group'classifications based on FPI values, IEEE-383 

and NEC fire resistance tests for telecommunication cables. The data in the 

table show inconsistencies in the IEEE-383 classification, as cabl es which 

pass the test belong to either Group 1, 2 or 3 based on the FPI values.  

Inconsistencies are also found with the classification of telecommunication 

cables based on the NEC fire resistance test. The CM, CMR and CMX cables 

belong to Group 3, except for the CMP cable, a highly halogenated cable, which 

belongs to Group 1. Note that CM cable passes the UL Vertical Tray Test (same 

as the IEEE-383 Test); CMR cable passes the UL 1666 Riser Cable Fire Test, CMX 

cable passes the UL VW-1 Flame Test, and CMP cable passes the UL 910 test.

.50



FACTORY MUTUAL RESEARCH CORPORATION

OM2E1 .RC 

TABLE V I 

CABLE CL ASSIFICATION BASED ON THE FIRE PROPAGATION INDEX,
THE IEEE-383 TEST AND NEC FIRE RESISTANCE TESTS FOR 

TELECO4JNI CATION CABLES 

Cable Classification 

Cable Group IEEE NEC Fire 

(AWG, diameter Dm) Based on 383 Resistance 
FPI Tesqt Testsa 

PE/PVC (24, 0.0036) 3 Passed - Cm 

PE/PVC (24, 0.0044) 3 NA CMR 

PE/PVC (22, 0.0037) 3 NA CKX 

EP/PVC (12, 0.011) 2 Passed NA 

PVC/EP (2/0, 0.034) 2 Passed NA 

XLPE/Neoprene (12, 0.015) 1 Passed NA 

XLPO/XLPO (12, 0.016) 1 Passed NA 

XLPE/XLPO (20, 0.022) 1 Passed NA 

XLPE/XLPO (18, 0.022) 1 Passed NA 

XLPE/XLPO (10, 0.023) 1 Passed NA 

XLPE/XLPO (12, 0.025) 1 Passed NA 

Si/XLPO (18, 0.028) 1 Passed NA 

XLPO, PVF/XLPO (20, 0.014) 1 Passed NA 

XLPO, PVF/XLPO (22, 0.017) 1 Passed NA 

Si/XLPO (400#MCM, 0.055) 1 Passed NA 

Si/XLPO (400#MCM, 0.055) 1 Passed NA 

EP/PE-CL-S (12, 0.011) 2 Passed NA 

PVC/PVF (24, 0.0050) 1 NA CMP 

a: CM: General purpose; CHRt: Riser; CMX: Ordinary; ClIP: Plenum.
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IV 

CON CLUS IONS 

1. Cables can be classified by their fire propagation behavior using the 

Fire Propagation Index, which combines the chemical heat release rate and 

thermal response parameter based on theoretical arguments.  

2. Three types of fire propagation behaviors can be identified for cables: 

i) fire propagation rate is very rapid (Group 3); ii) fire propagation 

rate increases linearly with time (Group 2); and iii) fire propagation is 

not self-sustained (Group 1).  

3. In the presence of electrical faults leading to cable overheating, fire 

propagation initiated by an arc or an external flame is instantaneous, 

irrespective of cable group, when the critical heat flux for ignition 

condition is satisfied.  

4. Inconsistencies are present in cable classification based on the IEEE-383 

Test and fire resistance tests of the National Electrical Code for 

Telecormunication Cables.  

5. In general, for some insulation and jacket materials, the Fire Propaga

tion Index decreases with increase in the overall cable diameter, as a 

result of increase in the conductor diameter.  

6. Damage due to heat (thermal damage) is expected from Groups 2 and 3 

cables, but not from Group 1 cable. Thus, fire protection against 

thermal hazard would be required.  

7. Damage due to smoke, toxic and corrosive products (non-thermal damage) is 

expected from some of the Group 1, 2 and 3 cables. It may thus be 

possible to classify cables into Subgroup A for which non-thermal damage 

is expected to be negligibly small and Subgroup B for which non-thermal 

damage is expected.  

8. Based on this research effort, it is recommended that Factory Mutual and 

IEEE develop a specificated testing standard for cable fire propagation.
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TABLE I I 

STANDARD CABLE FIRE TESTS

Ignition Source 

Strength 

Btu/hr (kW)

Exposure 

Duration 

(minutes)

Cable Fire 

Resistance Level

UL 910 

UL 1666 

IEEE 383 
(UL Vertical-Tray) 

VW- 1

300,000 
495,000 

70,000 

210,000 

400, 000 

3,1400

(1145) 

(21) 
(62) 

(118) 

1 1)

20 

30 

20 

20 

20 

1/14 each 
(Total 1 min 15 sec)

First Level 

-Second Level 

Third Level *&* 

Not Known" 

Not Known 

Fourth Level*

* Commnunications cables [20, 281.  

#"Power and instrument cables [1.

r2h1a Tant
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@2.2 FIRE PROPAGATION 

Numerous studies have been performed to understand the fire propagation 

processes [29]. Theoretically, the fire propagation rate is expressed as a 

ratio of the heat transfer rate from the flame to the material surface 
to the 

thermal response parameter of the material. In this study, the heat transfer 

rate from the flame to the material surface is assumed to be proportional 
to 

the chemical heat release rate. The thermal response parameter of the 

material is derived from the relationship between time to ignition and 
heat 

flux exposure of the sample [8,25,26]. These concepts are briefly described 

in Appendix B. The ratio of the heat transfer rate from the -f lame to the 

material surface to the thermal response parameter of the material multiplied 

by 1000 is defined as the Fire Propagation Index (FPI): 

FPI- 1  0.40 x Chemical Heat Release Rate 13x00TemlRsos aaee 

(7x Number of Cables x Cable Diameter) x00TemlRsos aaee 

where chemical heat release rate is in kW and thermal response is in 

kW 5s '/m . The radiative fraction of the chemical heat release rate is 

assumed to be equal to 0.40. Chemical heat release rate is defined as the 

heat released during chemical reactions in a fire generating CO and CO2 
with 

the consumption of02 

In this study, FPI has been used to classify the fire propagation 

behavior of cables. Although smoke and other products were also measured, the 

data were not used in the cable classification.
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EXPERIMENTS 

In the study, tests were performed to quantify the Fire Propagation Index 

(FPI) for the classification of cables. Three types of tests were 

performed: 1) ignition tests to determine the thermal response of the cables; 

2) fire propagation tests to determine the chemical heat release rate and 3) 

large-scale validation tests.  

3.1 IGNITION TESTS 

Ignition tests were performed in the Factory Mutual Small-Scale.  

(10 kW-Scale) Flanmmability Apparatus, shown in Figure 1A. The details of the 

ignition setup are shown in Figure 2, where the sample is located 

horizontally. Exploratory ignition tests were performed with 0.10 In (4 in.) 

long vertical and horizontal cable samples with and without the covered edges, 

and with and without spraying the surface with a thin-layer of flat black 

paint (and drying with a hot air gun) to reduce errors due to surface 

absorptivity differences. After examining the data from this study, as well 

as data for over 100 cables from our other studies [8, 12-14, 18, 21, 2411, it 

was found that there were strong effects on ignition due to edges and surface 

absorptivity differences; the cable sample orientation, however, was found to 

have minor effects on ignition. For reducing errors due to edge effects and 

surface absorptivity differences, thus the sample length was increased to 

0.13'm (5 in.) with 0.5 in. (0.013 m) of both ends tightly covered with heavy 

duty aluminum foil. The sample was used in a horizontal configuration and 

attached to a holder/platform as shown in Figure 2. Cables with non-black 

jackets were spray painted with a thin layer of flat black paint and dried 

with a hot air gun before the test.  

The cable sample on the holder/platform in the Apparatus was surrounded 

with four radiant heaters to expose the sample to external radiant heat flux 

in the range of 0 .to 60 kW/m2 (317 Btu/ft2/min). When cables were exposed to 

the heat flux, vapors were generated and mixed with air, producing combustible 

mixtures. For igniting this mixture, a premixed ethylene-air horizontal pilot 

flame about 0.01 m (0.39 in.), located about 0.010 m (0.39 in.) from the cable 

surface, as shown in Figure 2, was used. The pilot flame was established on a 

0.006 m (0.25 in.) diameter copper tube with a ceramic tip. The tests were 

performed in the open under natural ventilation.



FACTORY MUTUAL RESEARCH CORPORATION 

WEI. .RC

Piloted Ignition Experiment 

Figure 2. Piloted Ignition Experiment Test Setup.

Radiald
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In the test, the samples were exposed to several values of the external 

heat flux, and time to ignition was measured visually using a stop watch 
at 

each flux, including the flux at or below which there was no ignition. 
From 

the data for the inverse of the square root of time to ignition against 
the 

external heat flux and from the inverse of the slope, thermal response 

parameter was calculated (Eq B5 in Appendix B, where proportionality constant 

is assumed to be unity). The external heat flux value at or below which there 

is no ignition is defined as the critical heat flux. Figures 3 to 12 show 

some selected examples of the ignition behavior of the cables. All the cables 

that have been tested at Factory Mutual (in this study as well as in our 
other 

studies [8, 12-14, 18, 21, 241), follow the relationships shown in Figures 3 

to 12. The data calculated from such relationshipa for the critical heat flux 

and thermal response parameter are listed in Table III for the cables examined 

in this study.  

The higher the critical heat flux and thermal response parameter values the 

slower is the fire propagation rate and the lower is the-FPI value expected.  

The lower the FPI value the better the cable in terms of resistance to 

self-sustained fire propagation.  

3.2 FIRE PROPAGATION TESTS TO DETERMINE THE CHEMICAL HEAT RELEASE RATE 

Exploratory fire propagation tests were performed with single 0.10 m 

(4 in.), 0.25 m (10 in.), 0.38 m (15 in.), 0.61 m (2 ft) and 1.25 m (4 ft) 

long cable samples and 0.61 m (2 ft) long bundles of three cable samples 
in 

both Small (10 kW-) and Intermediate (500 kW-Scale) Apparatuses. The cable 

sample was attached to a support and was surrounded by an air tight glass 
tube 

connected on the top to an aluminum tube as shown in Figure 13. Based on the 

exploratory tests, the Intermediate-Scale (500 kW-Scale) Flammability 

Apparatus, shown in Figure 1B was selected for the fire propagation tests.' 

The details of the fire propagation setup are shown in Figure 13. The glass 

and the aluminum tubes were 0.25 m (10 in.) in d iameter and 0.61 m (2 ft) in 

length. The bottom 0.20 m (8 in.) of the cable sample was in the external 

heat flux zone as shown in Figure 13. The critical heat flux values for 

cables are found to be in the range of about 10 to 4I0 kW/in2 [8, 12-114, 18, 21, 

24]; an external heat flux value of 50 kW/in2 was thus selected to expose the
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bottom 0.20 m (8 in.) of the cable sample to make sure that the cable vapor 

air mixture would ignite. For the ignition of the combustible cable vapor air 

mixture, a pilot flame located.0.15 m (6 in.)from the 
bottom end of the cable 

was used. The pilot flame consisted of a vertical ethylene air 
premixed 

flame, established at the ceramic tip of a 0.006 m (0.25 
in.) diameter copper 

tube. The pilot flame was about 0.010 m (0.39 in.) in length and was located 

about 0.010 m (0.39 in.) from the cable surface, as shown in Figure 13.  

In the tests, air with a flow rate of 0.005 m
3/s (11 cfm) was introduced 

at the bottom of the glass tube, as shown in Figure 1B. For the simulation of 

large-scale flame radiation conditions [30-34), exploratory tests were 

performed with air having oxygen concentrations in the 
range of 21 to 50%.  

Figure 1~4 shows an example of the data. Based on thle analysis of the large

scale flame radiation simulation data from the exploratory 
tests, oxygen 

concentrations of 30%,and above were found to be the limits for peak flame 

radiation and fire propagation rate. All the fire propagation tests thus were 

performed at 40% oxygen concentration.  

After the cable was ignited, fire propagated vertically on the cable 

surface, generating heat, smoke and other compounds, all of which were 

captured along with air in the sampling duct of the Apparatus 
as shown in 

Figure 1B. Smoke and other compounds generated in fires could be toxic 
and 

corrosive and reduce visibility. In the sampling duct of the Factory mutual 

Intermediate-Scale (500 kW-Scale) Flanmmability Apparatus, all the hot fire 

products were well mixed before the measurements were made for determination 

of the generation rate of smoke and other compounds, heat 
release rate and 

light obscuration by smoke.  

For the determination of the generation rate of smoke and 
other 

compounds, heat release rate and light obscuration by smoke, 
the following 

measurements were made: 

1) Total flow rate of fire products and air mixture through 
the sampling 

duct using pressure transducers across a calibrated orifice 
plate and gas 

temperature in the sampling duct and ambient temperature 
(Appendix C).
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Figure 14. Increase in the Fire Propagation Rate 
Due to Increase in Oxygen.  

Concentration for a Vertical, 1.29 1m (4 ft) Long Cable. m2Represents Mass 

Fraction of Oxygen.
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2) Concentrations* of CO, C02', total gaseous hydrocarbons, smoke and 

oxygen using the following analyzers: a) Infrared CO and CO2 Analyzers 

(Beckman Models 864); b) Servomex 02 Analyzer (Sybron/Taylor Model 
OA-540); 

c) Flame Ionization Hydrocarbon'Gas Analyzer (Beckman Model 400) and d) TEOM 

Particle Mass Monitor (Rupprecht & Patashnick).  

The CO, C0', total gaseous hydrocarbon and 02analyzers were calibrated 

using standard gas-nitrogen mixtures in the concentration range expected 
in 

the test. No calibration procedure was used for the total volumetric flow 

rate in the sampling duct and the Particle Mass Monitor; instead, a checking 

procedure was used. In the tests, the initial and final weigh-ts of the filter 

used to collect the smoke in the Particle Mass Monitor were measured 
by a high 

sensitivity chemical balance and compared with the data calculated 
on the 

basis of total volumetric flow rate based on pressure and temperature in the 

sampling duct and the Particle Mass Monitor measurements. With very few 

exceptions, the data based on total volumetric flow rate and Particle Mass 

Monitor and the chemical balance were in excellent agreement.  

Relationships for the calculations of generation rates of chemical 

* compounds are given in Appendix C.  

3) Light obscuration by smoke was measured by using the Factory Mutual 

Smoke Turbidimeter. The relationship for the calculation of light obscuration 

is given in Appendix C.  

The chemical heat release rate was calculated from the generation 
rates 

of CO and C02; relationships for the calculations are given 
in Appendix C.  

Although the generation rates of smoke and other chemical compounds 
and 

light obscuration were determined, for the classification of the cable, only 

chemical heat release rate was used.  

The chemical heat release rate and its radiative component depend on the 

chemical structure of the plastics and fire size; the radiative component is 

in the range of about 0.35 to 0.45 with some exceptions [30-34]. For 

simplification, we have assumed the radiative component of the chemical 
heat 

release rate to be equal to 0.40 for all the cables for fire propagation in 

higher oxygen concentrations in the Flammability Apparatus and in the 

large-scale cable fire tests in normal air.  

* 'Concentrations of HCI and HCN were measured for some limited number of 
cable 

samples and are reported in Reference 24.
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The cables were classified on the basis of the Fire Propagation Index 

expressed as FPI, 

(0.140 x Chemical Heat Release Rate 1/ 
FPI- ( x Number of Cables x Cable Diameter) xlOOO/Thermal Response Parameter 

where chemical heat release rate is in kW and the thermal response parameter 

is expressed in kWs "/m.  

3.3 EXPLORATORY TESTS FOR THE FIRE PROPAGATION INDEX 

Exploratory tests were performed using 0.10 m (14 in.), 0.25 m (10 in.), 

0.38 m (15 in.), 0.61 m (2 ft) and 1.25 m (14 ft) long single vertical cable 

samples and 0.61 mn (2 ft) long vertical bundle of three cables. Single cables 

with lengths of 0.25 m (10 in.) and 0.38 m (15 in.) were examined in the 

absence of external heat flux and oxygen concentration of 40%. Single cables 

with lengths of 0.10 m (14 in.), 0.61 m (2 ft) and 1.25 m (14 ft) and 0.61 m 

(2 ft) long bundles of three cables were examined in the presence of 50 kWm
2 

of external heat flux and oxygen concentrations in the range of 21 to 45%.  

The chemical heat release rate was determined as a function of time 

during fire propagation using the generation rates of CO and CO2. The 

chemical heat release rate profiles were used in conjunction with the thermal 

response data from Table III to calculate the FPI profiles for the cables.  

Figures 15 to 214 show these profiles under various conditions for some 

selected cable samples; for other cables the profiles are included in 

Appendix E.  

The FPI profiles in Figures 15 through 214 show that-the data are very 

repeatable. As the length of cable sample and oxygen concentration are 

increased, FPI increases; however, for lengths of 0.61 m (2 ft) and 1.25 m 

(14 ft) and oxygen concentrations of 30% and above, the profiles do not show 

significant variations.  

For the cables examined in this study, large differences were found in 

the FPI values. Cables for which FPI values were less than 10 showed that the 

fire propagation had difficulty in sustaining itself and conditions were close 

to flame extinction conditions,-taking as much as 30 minutes or longer 

depending on the cable to reach the top of the 0.61 m (2 ft) long cable



CRITICAL HEAT FLUX,

Cable NO. Insulationl/ 
Jacket 

1 PVC/PVC 

2 PVC/PVC 

3 PVC/PVC 

11 PC/PVC 

5 fl/PVC 

6 EP/PVC 

6A PC/PVC 

7PVC/Ep 

8SI/PVC 

9 TPC/TPE 

10 TPE/PE-C& 

11 EP/EP 

12 EP/EP 

13 EP/Ep 

141 ILPE/XLPE 

15 ILPE/ILPE 

16 ILPE/ILPE 

17 ILPE/ILPE 

1s ILPE/EVA 

19 ILPE/EVA 

20 ILPE/EVA 

21 XLPE/Neoprene 

22 ILPO/XLPO 

23 XLPE/XLPO

rfABLE III 

THERMAL RESPONSE PARAMETER AND 

Chemical Heat of Combustion 

WkIa) x 10-3

CABLE CLASSIFICATION

Critical Heat Flux Cable Classification 
(ku/n 2 ) (Group)

18.9 15 3 

18.1 15 3 

12.6 13 2 

165 25 2 

20.9 20 3 

13.11 15 2

Overall 
Diameter 

(a) 

0.0036 

0.00441 

0.0092 

0.013 

0.0037 

0.011 

0.011 

0.0311 

0.016 

0.0091 

0.00941 

0.010 

0.0 16 

0.025 

0.0095 

0 .0099 

0.011 

0.012 

0.012 

0.017 

0.022 

0.0 15 

0.016 

0.022

Therm. 1 
Response Parameter 

(kW/m 2 ) 3 112 

131 

156 

267 

311 

183 

2441 

221 

263 

212 

270 

219 

4I67 

1199 

567 

273 

382 

386 

276 

503 

4160 

4412 

291 

1163 

1161

FPI 
(Peak Values) 

36 

28 

1s 

It 

28 

16 

23 

13 

17 

17 

17 

6 

19 

9 

9 

9 

9

12.6 

15. 1' 

12.0 

11.2 

17.1 

16.6 

19.7 

12.11 

18.2 

19.11 

111.0 

17.2 

21.6 

22.0 

12.9 

14.0 

14.14

0 

r 

C 
C 

2-



TABLE III (Continued) 

CRITICAL HEAT FLUX, THERMAL RESPONSE PARAMETER AND

Overall Thermal uto 

Cabe o. insulation/ Diameter Respon e ParjTter Chemical Heat of CQiusio 

Jacket (Wn (kW/m )3(kJ/Icg) 10 

214 XLPE/XLPO 0.022 4714 20.6 

25 XLPE/XLPO 0.023 535 13.8 

26 XLPE/XLPO 0.025 456 12.14 

27 Si/XLPO 0.028 457 15.9 

28 XLPO, PVF/XLPO 0.0114 413 14.3 

29 XLPO, PVF/XLPO 0.017 639 14.0 

30 Si/XLPO 0.055 448 18.9 

31 Si/XLPO, 0.055 435 19.6 

metal Armor 

32 pp, polyester/PVC 0.020 197 19.3 

314 EP/PE-CL-S 0.00413 3143 15.9 

35 EP/PE-CI-S 0.011 283 18.9 

36 EP/PE-CL-S o.o16 415 19.3 

37 EP/PE-CI-S 0.019 4116 20.1 

38 EP -FR/NoflC 0.0035 289 30.9 

39 EP-FR/Nofle 0.0 115 370 1 .4.8 

40 EP-FR/NoflC 0.018 448 15.1 

41 EP-FR/None 0.028 295 14.8 

42 PE-CI/None 0.015 217 11.6 

43 ETFE/EA 0.010 4514 11.2 

144 PVC/PVF 0.0050 2614 6.0 

45 FEP/FEP 0.0079 652 6.2 

46 FEP/FEP 0.0097 638 9.8

CABLE CLASSIFICATION 

Critical Heat Flux 
(kW/n2)

Cable Classification FPI (Group) (Peak Values)

-4 

0 

-4 
C 

CA 

0 
0a 

0 

z
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Figure 15. Vertical Fire ProDagation for Silicone Rubber-Crosslinked 
Polyolefin Cable. Conditions: Number of Cables, Cable 

Length (in). Oxygen (%.) and External Heat Flux (kW/m 2 respectively: 
.......:1. 0.61, 40, and 50; ----- 38, 0.61. 40, and 10;- .- : 1.  

0.38. 40 and 0;-: 1, 0.10. 21 and 50. (36: Bundle of Three 
Cables).

0 3 00 M0 900 1200 
Time [20c) 

Figure 16. Vertical Fire Propagation for Crosslinked Polyethylene
Crosslinked Polyolefin Cable. Conditions: Number of 2 
Cables, Cable Length (in) Oxygen (%I and External Heat Flux (kW/) 
respectively---: 1. 0.61. 40, and 50;-.-: 1, 0.38. 40. and 0: 

.- :1. 0.38. 40 and 0 (Repeat) :- 1. 0.25.' 40 and 0: ......  
0.25. 40 and 0 (Repeat); ------- 1 0.25, 40 and 0 (Repeat);--
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I 

I NTRODUCT ION 

A cable is an insulated conductor-or group of individually insulated 

conductors in twisted or parallel configuration used for carrying electrical 

power and signals. The Most comnly used conductors are made from copper and 

aluminum in the form of wire. Wire is aslender rod or filament of drawn 

metal. In addition to copper and aluminum, glass fibers in fiber optic cables 

are also Used to carry signals.  

The conductors are designed to conform to a range of nominal areas in 

graduated steps [1]. The American usage is based on American Wire Gauge 

(AWG), a standard system for designating wire diameter.' AWG is Used for 

smaller conductor sizes, i.e., 40 AWG to 0000 (4/0). Larger conductor sizes 

are expressed in thousand circular Mils (MCII). A mil is 1/1000 in.; a 

circular mil is the area of a circle one mul in diameter. Countries outside 

of North and South America use the metric System; the conductor diameter is 

expressed in m [1]. Cables are Used as single and multiconductor cables. A 

coaxial cable consists Of two cylindrical conductors with a common axis 

separated by a dielectric.  

The metallic conductors or glass fibers in cables are insulated by 

covering them with various types of plastics having high resistance to the 

flow of electric current. For the protection of cable insulation, mainly 

against the environment, an outer covering over the insulation is Used. This 

outer covering, usually made of plastics, is called a jacket. For-added 

mechanical protection, metal armors consisting of braids, wrapping or 

interlocking, including continuously corrugated welded seam construction, are 

used. The common metals are galvanized steel, aluminum and bronze. For the 

protection of cable core, such as protection from Moisture and chemicals, 

electrical short circuiting, etc., sheaths or tapes are used. The sheaths 

consist of metals such as aluminum. The tapes are made of plastics or plastic 

and metal combinations such as thin sheets of aluminum, copper, or lead' 

laminated to an adhesive ethylene copolymer. In injltioonductor cables, spaces 

are formed by the assembled conductors and are filled with Inert materials or 

plastics. For shielding against outside interferences as Well as 

interferences between cable pairs in the same core, metal or metal and plastic
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combinations are used such as twiisted pairs, steel conduit or armor, aluminum/ 

mylar, thermosetting semi-conducting polyolefin compound, etc. Cables thus 

are oomplex structures of mnetals and plastics.  

Cables are used for various applications [2): 1) 0-300 volts (instumnt 

cables; audio cables; computer cables, etc.); 2) 600 Volt Class (building wire 

and single conductor power cable; multiconductor power cable; composite 

cables; control cables, etc.); 3) 5 kV Class (single conductor power cable for 

a) conduit or underground duct Installations and b) tray, aerial or direct 

burial applications; three conductor power cable for tray, aerial or direct 

burial applications; 4) 8 to 35 kV Class (single conductor cable for conduit, 
duct, aerial, tray or direct burial applications and three conductor power 

cables for use in trays and racks); and 5) 69 to 138 kV Class.  

.For cable insulation and jacket, thermoplastics are generally Used. A 

thermoplastic is a material which softens when heated or reheated and becomes 

firm on cooling. The most commonly used plastics for cable insulation and 

jackets are [1,2]: polyvinylchloride (PVC), polyethylene (PE), polypropylene 

(PP), polyolef ins (P0), nylon, polyurethanes,*fluorinated polymers: 

polytetrafluoro-ethylene (PTFE), FEP (TFE copolymer with hexafluoropropylene) 

Tefzel (TFE copolymer with ethylene), Halar (ethylene copolymer with 

chlorotrifluoroethylene), PFA (perfluoroalkoxy branched polymers), Dyflor 

(polyvinylidene fluoride), styrenebutadiene rubber (ISBR), butyl rubber 

(copolymier of 1sobutylene (975) and isoprene (35), ethylene propylene rubber 

(EPR) including EPH (copolymers of ethylene and propylene) and EPDM 

(copolymers of ethylene, propylene and a non-conjugated diene such as 

dicyclopentadiene (DCPD), cyclooctadiene.(CWD), ethylidene norbornene (ENB) 

and 1,4-hexadiene (HD)), crosslinked polyethylene (XLPE), ethyl vinyl acetate 

(EVA), chloroprene rubber (CR or PCP), polyethyleneterephthalate (PET, Melinex 

or Mylar), chlorosulfonated polyethylene rubber (Hypalon, CSP, CSM), 

acrylonitrilebutadlene rubber (NBR/PVC blends), fluorocarbon rubbers such as 

copolymer of vinylidene fluoride and hexafluropropylene (Viton). The National 

Electrical Code 1987 (National Fire Protection) (3) has established cable 

designations based on the types of plastics Used for insulation and jacket; 

these designations are listed in Appendix A.
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Numerous fires have occurred in cables used as bundles or in trays, 

because plastics used in the cables are combustible. Cable fires can be 

started by any number of ignition sources such as electrical 
arcing, cable 

overheating, nearby burning material, spilled liquid pool fire, etc. After 

ignition, the fire will spread over the cable surfaces 
accompanied by the 

generation of heat, smoke, corrosive and toxic compounds 
and creation of 

hazardous environments. Generation of heat in cable fires is expected to 

create hazardous thermal environments; generation of smoke, corrosive and.  

toxic compounds is expected to create hazardous non-thermal 
environments.  

Cable fire prevention and protection thus are one of 
the major concerns for 

Factory Mutual (FM) as well as for the general fire community.  

In order to investigate the problems associated with cable fire 

prevention and protection, an Ad Hoc Comittee on Cable 
Flammability was 

formed at FM [I4]. The Commnittee's responsibility was to investigate the 

feasibility of: 1) determining conditions under which "less flammnable" cables 

might be accepted without fire protection and 2) developing 
an approval 

criteria for "less flammable" cables. Based on the extensive review of the 

available information on cable fires and data from cable 
fire tests and cable 

fire research, the Ad Hoc Committee concluded that: 

1) All power cables, including those which passed the IEEE-383 test [1, 

tested by the Factory Mutual Research Corporation (FMRC) 
ignited and 

propagated in a "small bench-scale pipe" test. In the test, cable samples 

were placed inside a pipe, to reduce heat losses.  

2) The conductor temperature affected the flammability of the cables.  

Fire propagation rate increased with increase in the 
conductor temperature as 

a result of simulated and actual electrical overloading.  

3) Differences in ignition resistance were found for 
cables. The size of 

the cable was important. Larger cables showed higher-resistance to ignition 

with slower fire propagation than the smaller cables. 
The differences due to 

cable size, however, became less important as the temperature 
of the conductor 

was increased.  

4) The IEEE-383 test [1 is a screening test and does not simulate actual 

installations in terms of cable loading, multiple cable 
arrangements, etc.  

Thus, reliance on the IEEE-383 test for establishing permanent 
acceptance 

criteria is not advisable.
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5) The existing FM Flammability Apparatus is a promising tool for 

developing relative flammability measurements for cables. It may be possible 

to correlate the flammability results to predict fire spread in various cable 

configurations.  

Based on the conclusions, the Ad Hoc Committee recommended that FMRC 

should develop test criteria including correlations with large-scale tests 

representative of actual installations to determine if "less flammable" cables 

exist which can be accepted w ithout fire prot ection in occupancies where 

combustibles other than cables are present in negligibly small amounts such as 

control rooms, cable spreading rooms and others.  

This report describes the results ind analysis of a three year study 

program undertaken by FMRC based on the recommendations of the FM Ad Hoc 

Committee on Cable Flammability. The objectives of the study was to devellop 

test criteria for the classification of cables based on fire propagation, 

utilizing the FM Small-Scale (10 kW-Scale)* and Intermediate-Sca le 

(500 kW-Scale) Flammability Apparatuses, shown in Figures 1A and 1B. The 

results from the small-scale tests were validated by performing the 

large-scale cable fire tests in the FM Large-Scale Flammability Apparatus 

(Fire Products Collector), shown in Figure 1C. A cable classification was 

developed for identifying "less flammable" cables for which protection is not 

required due to thermal damage.  

For the study, a total of 46 cables of various types were used as listed 

in Table I. Thirty-six of the cables were donated by the cable industry.  

Most of the cables passed IEEE-383 cable tray test and the fire resistance 

tests specified in the National Electrical Code for the communicat ion 

cables. Of the 46 cables, 52% were power cables; 31% were control cables and 

17% were communication, signal and special and general purpose cables.  

Twenty-seven percent of the cables were small cables (diameters in the range 

of 0.0035 to 0.0099 In (0.14 to 0.39 in.) while 73% of the cables were larger 

cables (diameters in the range of 0.010 to 0.055 m (0.40 to 2.2 in.).  

The FM 10 kW-Scale Apparatus is currently being modified to 50 kW-Scale so 

that vertical propagation tests for cables up to 0.60 m (2 ft) length can be 
performed.



FACTORY _MUTUAL RESEARCH CORPORATION 

0M2E1. RC

Flammability Appliratuses Used in the Experiments: 
A) 10 kW-Scale; 

B) 500 kw-Scale; and C) Fire Products Collector.
Figure 1.-
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TABLE I 

CABLE SAMPLES USED IN THE STUDY 

Cable Insulation/ Conductor No. or overall Linear Density g/a 

NO. Jacket Size Conductors Diameter (W Cable Insulation/ 
(incl. cond.)_ Jacket 

I PVCr/PVC 241 AVG 6 (pair) 0.0036 

2 pVC/PVC 241 AWG 8 0.00441 

3 PVC/PVC 12 AVG 3 0.0092 151.10 61.10 

4 PVC/PVC 12 AVG 7 0.013 

5 Pe/PVC 22 AUG 11 0.0037 

6 EP/PWC 12 AVG 3 0.011 201.0 110.50 

7 PYC/EP 2/0 AVG 3 0.031 27410.0 750.0 

8 Si/PVC 16 AVG 10 o.o16 

9 TPE/TPE 12 AVG 3 0.00941 156.10 66.80 

10 TPE/PE-C& 12 AVG 3 0.00941 165.0 78.0 

11 EP/EP 6 AVG 1 0.010 207.30 90.80 

12 EP/EP 141 AVG 5 0.016 386.0 288.50 

13 EP/EP -250 NIM 1 0.025 1655.0 515.0 

111 XLPE/XLPE 12 AVG 3 0.0095 166.60 69.60 

15 XLPE/1LPE 10 0.0099 

16 1LPE/1LPE 10 0.011 

17 ILPE/XLPE 12 AVG 3 0 .012 21-130 152.7 

18 ILPE/EVA 12 AVG 3 0.012 270.0 157.20 

19 XLPE/EVA 2/0 AVG 1 0.017 397.0 223.30 

20 XLPE/EVA S00 NCH 1 0.022 141711.40 257.80 

21 ILPE/Neoproef 12 AVG 7 0.015 4131.410 219.70

22 ILPO/XLPO 12 AVG 0.016

Cable Type

Vertical tray (UL Type CM, IEEE 383) 

General Purpose & Riser (UL Type CHO) 

Power & Control (600V Type TC Tray Cable, NENA K2, 600W) 

Control & Lighting (UL Type CMI LADSM D Station) 

Power & Control (6001. IEEE 383) 

Power (600W, IEEE 383) 

Navy Ship (NIL-C-91S) 

Power (600W, R/RK-12F-3Cu) 

Power (600W, R/CPEK-12F-3Cu) 

Power (600W) 

Power (600W) 

Power (2kW) 

Control & Power 600V 

Power & Control PHS-1100-881 (600V) 

Power & Control PHS-400-881 (6W); 

Power 600V 

Control & Lighting Cu Cond.; 1kW 

Power Alm. Coed.; 1kV 

Power 2kW; 1IOC 

Control 600W; IEEE 383 

Control Tray Cable; 90C

23 IP/LP 0AG 6 (pair) 0.022 17041.80 528.60 Communication~ IEEE 383
23 ILPE/XLPO 20 AWG



TABLE i %Continued) 

CABLE SAMPLES USED IN THE STUDY

Cable Insulationl/ 
NO. Jacket

Conductor No. or
Size

Over&all
Conductors Diameter W.

Linear Density g/.  
Cable Insulation/

1LPE/1LPO 

XLPE/1LPO 

ILPE/XLPO 

Si/ILPO

28 ILPO,PVF/XLPO

29 ILPO,PVF/XLPO 

30 Si/ILPO 

31 Si/ILPO, 
Netal Armor 

32 PP.  
Polyester/PVC 

33 ILPE/PVC 

341 EP/PE-Clt-S 

35 EP/PE-CI-S 

36 EP/PE-C1-S 

3? EP/PE-C9-S 

38 EP-FR/None 

39 EP-FA/Norw 

*10 EP-FN/Ione 

*11 EP-FR/Nane 

*12 PE-CI/None 

*13 ETFEA 

*8* PVC/PVF 

*15 PEP/PEP 

*16 PEP/PEP

18 AVG 

10 AVG 

12 AWG 

18 AUG 

20 AVG 

22 AVG 

*100 MC 

*100 NOI 

18 AVG 

12 AVG 

141 AVG 

12 AVG 

2/0 AVIG 

*1/0 AVG 

141 AVG 

210 AVG 

*/0 AVG 

141 AVG 

1/0 AVG 

2*8 AVG 

22 AVG

lug 

10 (pair)

0.022 

0.023 

0.025 

0.028

6 (pair) 0.011 

141 (pair) 0.017 

3 0.055 

3 0.055

0.020 

0.011 

0.0083 

0.011 

0.016 

0.0 19 

0.0035 

0.015 

0.018 

0.028 

0.0 15 

0.0 10 

0.0050 

0.0079 

0.00D97

815.70

14135.70 

1313.60 

380.20 

607.70 

9881 .30 

97413.60

39.10 

219.50 

810.0 

1212.0 

13417.60 

665.20 

138.0

703.50 

919.50 

178.70 

370.70 

2668.0 

2533.30

20.0 

125.0 

178.50 

236.0 

607.60 

134-.70 

80.4*0

Power & Lighting IEEE 383 

Comunicat ion 
and Instrumentation; IEEE 383 

Special Purpose; IEEE 383 

Control; IEEE 383

- IEEE 383

- IEEE 383 

Power & Lighting; IEEE 383 

Power & Lighting; IEEE 383 

Special Purpose; IEEE 383

Power & Control; 600V; Tray Cable. Type TC. IEEE 383 

Control & Lighting; 600V; 125C 

Power 600V; IEEE 383 

Power 600V 

Power 600V 

Control 

Power 

Power 

Signal 

Control 

Control 

Signal; C-Plenu Cable; Type CNP, UL910 

Signal 

Power Limited; Class 2-75C; NEC 725-2(b) 
Circuit

Cable Type

(incl cond I J cket
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BAKROND 

NumeouSstuieshav ben prformed on able fires 16-273. Several 

standards exist for the testing of cables. The oldest standard is the 

IEEE-383 test for power cable's in the nuclear industry [5), whil e the latest 

one is for telecomulnication 
cables -[28]. Although the IEEE-383 test is 

one 

of most widely used tests in the power industry, 
it is considered to be 

inappropriate in describing the 
fire resistance of cables under 

all conditions 

in the tel ecomnfi cation industry [28], which is in agreement with the 

conclusion of the FM Ad Hoc Cable Flaunability Committee.  

2.1 STANDARD TESTS SPECIFIED IN 
CODES 

2.1.1 IEEE-383/ANS' N1.10-19 75 Test 

The IEEE-383-1974/ANSI N41.10-197
5 test [5] is a flame test for grouped 

power and instrument cables 
to determine the relative ability 

of cables to 

resist fire. The fire test is performed to 
demonstrate that the cable does 

not propagate fire even if its 
outer covering and insulation 

have been 

destroyed in the area of flame 
impingement, i.e., there is no self-sustained 

fire propagation.  

In the test, a 2.44 m (8 ft) 
long, 0.30 m (12 in.) wide and 0.076 m 

(3 in.) deep vertical ladder type metal tray is used. 
Multiple lengths of 

cable are attached to the metal tray in a single layer, filling at least the 

center 0.15 m (6 in.) portion of the tray with a separation 
of about 1/2 the 

cable diameter between each 
cable. A 0.25 m (10 in.) wide, 11-55 drilling, 

propane-air premixed ribbon gas 
burner is used for igniting the 

cable. The 

burner is placed 0.61 m (2 ft) 
from the bottom of the tray and 

0.076 m (3 in.) 

away from the cable surface. The burner is kept parallel to the cable surface 

so that the propane flame impinges 
the cable surface at right angles. 

The 

propane and air flows (1 to 6 ratio) 
to the burner are adjusted to 

give a 

chemical heat release rate of 
21 kW (70,000 Btu/hr) (flame temperature of 

about 15000F, measured by a thermocouple 
located in the flame close to 

but not 

touching the cable surface). 
The propane flame, which covers 

the entire width 

and lengths of about 0.23 to 
0.30 m (9 to 12 in.) of the cables arranged on 

the tray, is applied for 20 minutes 
and then turned off. The cable is allowed 

to burn itself out. The tests are performed in naturally 
ventilated rooms or
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enclosures free from excessive 
drafts and spurious air .currents. 

Cables for 

which fire propagates to the 
top of the tray fail the test; 

those that burn 

out short of the top pass the 
test.  

Variations on the standard test 
in terms of using higher intensity 

propane flames and locating the tray in a corner have been used by several 

groups. Tests have been performed with propane chemical heat release rates of 

61 kW (210,000 Btu/hr) and 118 kW (400,000 Btu/hr). It is, however, not clear 

from the results that such modifications improve the test significantly.  

2.1.2 Tests for Communication Cables 

The 1987 National Electrical Code 
requires that commnfications 

cables 

meet one of the four levels of fire-resistanlce 
and are marked as being one 

of 

the four types of cables [281: Type CM are general purpose 
communicat ions 

cables; Type CMP are plenuml communications cables; Type 
CMR are riser 

communications cables and Type 
CMX are ordinary communications 

cables 

restricted to a few applications. 
Type CMX cables must pass the 

Underwriters' 

(UL) 11W-1 (Vertical-Wire) Flame Test; 
Type CM cables must pass the 

UL 

Vertical-Tray Flame Test, which 
is identical to IEEE-383 Test; 

Type CMR must 

pass the UL-166
6 Riser Cable Fire Test and Type 

CMP must pass the UL-910 

Plenum Cable Fire Test [28). 
The UL-910 Plenum Cable Fire 

Test is performed 

in the ASTM E-84 Tunnel and 
is the most severe test for cables. The severity 

of the tests decreases from 
the UL-910 Plenum Cable Fire 

Test to UL-1666 Riser 

Cable Fire Test to UL Vertical-Tray 
Flame Test (IEEE-383) to UL-VW-1 Vertical 

Wire Flame Test. The severity of the tests is 
judged on the basis of the 

ignition sources used [28).  

The UL-910 Test is performed 
in a 7.62 m (25 ft) long, 0.30 m (1 ft) high 

and 0.30 m (1 ft) wide tunnel made of fire bricks 
1281. The tunnel is 

extended at the inlet to 1.37 In (41.5 ft) for introducing 
air. At the outlet 

end of the tunnel, a 12.2 mn 
(40 ft) long and 0.41 mn (16.in.) diameter 

duct is 

attached for exhausting the 
fire products. A 88 kW (300,000 Btu/hr) methane 

burner located 1.37 m (4.5 Vt) from the tunnel inlet is used as an ignition 

source. The burner flame extends to 
a length of about 1.37 m (14.5 ft) in the 

tunnel. A single layer of 7.3 m (24 ft) 
long cables, touching each other, is 

placed onl a 0.30 m (1 ft) wide horizontal 
cable tray, located 1.37 m (54 in.) 

from the tunnel inlet, in the center and 0.21 
m (8.25 in.) from the floor.  

The air flow is set at 1.22 m/s (2140 ft/mmn). In order to pass the test, in
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20 minutes, the fire propagation on the cable surface should be limited to 
less than 2.9 mn (9.5 ft) or 39.7% of the length of the cables of which 18.8% 

is in the ignition zone. The maximum optical density should not exceed 0.5 or 

1/3 light transmission across a path length of 0.411 m (16 in.) in the exhaust 

duct and a maximum average optical density of 0.15 or 70% light transmission.  

The UL-1666 Riser Cable Fire Test simulates cable installation in a 

building's riser shaft [28]. A vertical bundle of cables about 5.18 in (17 ft) 

in length and 0.30 mn (1 ft) in width is used. The bundle is located between 

two 0.61 m x 0.30 mn (2 ft x 1 ft) holes, one at the floor and the other at the 
ceiling of a 3.66 m (12 ft) high and 2.144 in (8 ft) wide encl-osure. The bottom 

0.60 mn (2 ft) of bundle is outside the floor and the top 0.91 in (3 ft) of the 

bundle extends into the second floor. A 0.30 m x-0.30 mn (1 ft x 1 ft), 

145 kW (495,000 Btu/hr) propane burner is used as an ignition source and is 

located below the hole on the floor at a height of 0.60 in (2 ft). In order to 

pass the test, the fire should not propagate to the top of the bundle in the 

first floor (3.66 mn or 12 ft) in 30 minutes.  

The UL Vertical-Tray Flame Test is identical to the IEEE-383 Test [28].  

The UL Vertical Wire-i Flame Test is performed using a 0.25.mi (10 in.) 

long single vertical cable [28]. In the test, a 1 kW Tirrill burner (similar 

to a Bunsen burner) is Used as an ignition source. The cable is exposed to 

the ignition source for 75 seconds in intervals of 15 seconds. A Kraft paper 

indicator is located 0.25 mn (10 in.) above the burner and a surgical cotton is 

located at the base of the burner. The cable passes the test if flames do not 
propagate to the paper indicator, if cotton does not ignite or the cable does 

not burn for more than 1 minute after the five ignition flame exposures of 

15 seconds duration.  

Table II shows a comparison of the standard cable fire tests. In all the 

standard tests, the important factors that are considered include: 1) ignition 

source strength; 2) cable arrangement; 3) resistance to ignition; 14) extent of 

fire propagation and 5) air flow rate in closed systems such as the tunnel.



FMRC J.1. OM2EA.C

TECHNICAL REPORT 

ELECTRICAL CABLES 7 EVALUATION OF FIRE 
PROPAGATION BEHAVIOR AND DEVELOPMENT OF 
SMALL-SCALE TEST PROTOCOL 

By 
Archibald Tewarson 

and 
Mohammed M. Khan

Prepared for: 
Factory Mutual Research Corporation 
1151 Boston Providence Turnpike.  
Norwood, Massachusetts 02062 

January 1989 

Factory Mutual Research



TECHNICAL REPORT 

ELECTRICAL CABLES - EVALUATION OF FIRE PROPAGATION 

BEHAVIOR AND DEVELOPMENT OF SMALL-SCALE TEST PROTOCOL 

by 

Archibald Tewarson 

and 

Mohaimed M. Khan 

Prepared for 

Factory Mutual Research Corporation@ 

1151 Boston Providence Turnpike 

Norwood, Massachusetts 02062 

FMRC J.I. OM2E1.RC 

070.(A) 

January 1989 

Approved by 

Robert G. Zalb)sh 
Asst. Vice President & Manager 
Applied Research Department 

F~t IF ftam R l- a c 
1151 B80"o- Provuience TuwrfPM 
Norvvoo. Massachuasets 02062



DISCLAIMER 

Factory Mutual Research Corporation (a) makes no warranty, express or 

implied, with respect to any products referenced in this report, or with 

respect to their use, and (b) assumes no liabilities with respect to any 

products referenced in this report, or with respect to their use.



FACTORY MUTUAL RESEARCH CORPORATION 

Ok2E1 .RC 

DISCLAIMER

Factory Mutual Research Corporation (a) makes no warranty, express or 

implied, with respect to any products referenced in this report, or with 

respect to their use, and (b) assumes no liabilities with respect to any 

products referenced in this report, or with respect to their use.



FACTORY- MUTUAL RESEARCH CORPORATION

OM2El .RC 

ABSTRACT 

This report presents the results of a three year study for the 

developm~ent of test criteria for the classification of cables based on fire 

propagation for use in non-combustible constructions and occupancies, i.e., 

combustibles other than cables are present in negligibly small amounts.  

In the study, J46 cables of various types were used. Most of the cables 

used in the study, passed the IEEE-383 cable tray test and the fire 
resistance 

tests specified in the 1987 National Electrical Code for communication cables.  

The cables were tested in the Factory Mutual Small-, Intermediate-.and 

Large-Scale Flammnability Apparatuses. Measurements were made for ignition and 

fire propagation (in terms of heat release rate, generation rates 
of smoke and 

other products and light obscuration). For describing the fire propagation 

behavior of the cables, a Fire Propagation Index (FPI) was determined from the 

ignition and heat generation characteristics of the cables.  

Based on the FPI values and actual fire propagation behavior of cables in 

the small-, intermediate- and large-scale cable fire tests, cables were 

classified into three groups: 1) Group 1 cables (FPI values less than 10): 

self sustained fire propagation is not expected; 2) Group 2.cables,(FPI 
values 

equal to or greater than 10 but less than 20): fire is expected to be self 

sustained with linear increase in the fire propagation rate and 3) Group 3 

cables (FPI values equal to or greater than 20): fire is expected to be self 

sustained with very rapid increase in the fire propagation rate.  

Of the 416 cables tested in the study, 56% were Group 1 cables, 29% were 

Group 2 cables and 155 were Group 3 cables. Group 1 cables were larger cables 

with diameters greater than 0.01 mn (0.410 in.), except the highly halogenated 

cables.  

Electrical overloading test results suggested that in the presence 
of 

electrical faults leading to cable overheating, fire propagation is expected 

irrespective of cable classification. Thus for all cables, irrespective of 

their classification, electrical protection is very important.  

Factory Mutual has used the test apparatuses and procedures from 
this 

study and a specification testing standard has been proposed [141).  

GCopyright Factory Mutual Research Corporation. All rights reserved.
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SUMMARY 

This report describes the results of a three year study program, 

undertaken by the Factory Mutual Research Corporation, based on the 

recommendations of the Factory Mutual Ad Hoc Committee on Cable Flaimmability 

[4]. The objective of the study was to develop test criteria for the 

classification of cables based on fire propagation for use in non-combustible 

constructions and occupancies, i.e., combustibles other than cables are 

present in negligibly smzall amounts. In the study,the Factory Mutual 

Flanmmability Apparatuses were used.  

In the tests, 46 cables of various types were used; 36 of them were 

donated by the cable industry.. Most of the cables used in the study passed 

the IEEE-383 cable tray test and the fire resistance tests specified in the 

1987 National Electrical Code for the communication cables (Section 2.1). Of 

the 46 cables, 52% were power cables; 31% were control cables and 17% were 

communication, signal and special and general purpose cables. Twenty-seven 

percent of the cables were small cables (diameters in the range of 0.0035 to 

0.0099 m (0.14 to 0.39 in.), and 73% of the cables were larger cables 

(diameters in the range of 0.010 to 0.055 m (0.40 to 2.2 in.) (Table I). The 

majority of the cable samples consisted of crosslinked polyethylene as 

insulation and jacketing material.  

In the study, three types of tests were performed: 1) ignition tests; 2) 

fire propagation tests using external heat flux and sustained electrical 

overloading of conductors to initiate fire propagation, and 3) large-scale 

validation tests. Ignition tests were performed in the Factory Mutual (FM) 

Small-Scale (10 kW-Scale) Flarmmability Apparatus (Figure 1A). Fire 

propagation tests were performed in the FM Intermediate (500 IcW-Scale) 

Flanmmability Apparatus (Figure 1B). Validation tests were performed in the FM 

Large-Scale Flanuability Apparatus, called the Fire Products Collector 

(Figure 1C).  

For ignition tests, a single, 0.13 m (5 in.) long horizontal cable sample 

was selected (Figure 2). In the tests, 0.013 m (0.50 in.) of both ends of the 

cable sample were tightly covered with heavy duty aluminum foil. The surface 

of non-black cables was painted flat black. In the tests, time to piloted 

ignition of cable vapor air mixture was measured at various external heat flux 

values. Ignition data were used to calculate the critical heat flux and
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thermal response parameter of the cables (Table III). Critical heat flux is 

the minimum heat flux at or below which ignition is not expected to occur.  

Thermal response parameter is the property of the cable which governs the time 

delay for ignition when the cable is exposed to heat flux. Thermal response 

parameter is one of the important parameters which governs the fire propaga

tion characteristics of the cable.  

For the fire propagation tests in the 500 kW-scale apparatus, a single 

0.61 m (2 ft) long vertical cable sample was selected. The sample was 

surrounded by an airtight, 0.25 m (10 in.) diameter and 0.61 m (2 ft) long 

glass tube attached to an aluminum tube of the same dimensions (Figure 13).  

The bottom 0.20 m (8 in.) of the cable was exposed to an external heat flux of 

50 kW/m . A pilot flame was provided near the sui'face to ignite the cable 

vapors generated as a result of the heat flux exposure. For the simulatidn of 

large-.scale flame radiation conditions, air with an oxygen concentration of 

40%, flowing at a rate of 0.005 m3/s (11 cfm), was used. In the propagation 

tests, measurements were made for the generation rates of carbon dioxide (C02) 

and carbon monoxide (CO) to calculate the chemical heat release rate.  

Measurements were also made for the generation rates of total gaseous 

hydrocarbons and smoke, and depletion rate of oxygen and light obscuration.  

The test data for thermal response parameter from the ignition tests and 

the chemical heat release rate determined from the fire propagation tests were 

used to describe the cable fire propagation characteristics in terms of a Fire 

Propagation Index (FPI): 

/P = 0.4 0 x Chemical Heat Release Rate \3100/hralRsos3Prmtr 
F it x Number of Cables x Cable Diameter) x10/hraRepnePamt, 

where chemical heat release rate is in kW; cable diameter is in meter and 

thermal response parameter is in kWs 1 /m.  

Based on the FPI values, cables were classified into three groups: 

1) Group 1: Cables with FPI values less than 10 belong to this group.  

The cables in Group 1 are not expected to have self-sustained fires. Thus in 

the absence of extended external heat sources and with adequate electrical 

protection to prevent sustained overloading and arcing, Group 1 cables are not 

expected to require protection (such as sprinklers) due to thermal damage
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threat (heat d amage). Depending on the cable insulation and jacketing 

materials and additives, damage due to smoke, corrosive and toxic compounds 

(non-thermal damage) is possible. It may be possible to classify cables into 

two subgroups, i.e., 1) Group A cables: non-thermal damage (damage due to 

smoke, toxic and corrosive compounds) is expected to be negligibly small 
and 

2) Group B cables: non-thermal damage (damage due to smoke, toxic and 

corrosive compounds) is expected.  

Of the 46 cables tested in the study, 56% were Group 1 cables. These 

cables were larger cables (diameters greater than 0.01 m (0.J40 in.), with 
the 

exception of highly halogenated cables).  

Group_1 cables can be called "less flarmmable" cables; this classification 

thus satisfies the program objective.  

2) Group 2: Cables with FPI values equal to or greater than 10 but less 

than 20 belong to this Group. Fires are expected to be self-sustained and 

fire growth rates are expected to increase linearly. For Group 2 cables, fire 

protection would be required.  

Of the 46 cables tested in the study, 29% were Group 2 cables.  

3) Group 3: Cables with FPI values equal to or greater than 20 belo ng to 

this group. Fires are expected to be self-sustained, and the fire propagation 

rates are expected to in crease very rapidly. Fire protection would be 

required.  

Of the 46 cables tested in the study, 15% were Group 3 cables.  

The data from this study suggest that thermal response parameter and 

chemical heat release rate are the two most important factors governing 
the 

fire propagation behavior of cables. Figure Si shows a plot of Fire 

Propagation Index versus cable thermal response for the three groups of 

cables. For Group 1 cables, thermal response parameter is greater than about 

260 kW s 1 / 2 /mn2 , and above about 350 kW s 1"2/m2 ,there is no overlap with 

Group 2 cables. In cases where there are overlaps between thermal response 

parameter values, the cable classification is governed by the differences in 

the chemical heat release rates. Cables with insulation and jacketing 

materials with additives with low heat release rates and high thermal 
response 

parameters are expected to belong to lower groups. For the same insulation 

and jacketing materials and additives, as the cable size is increased, 
thermal 

response parameter will increase, changing their classification towards lower 

groups.
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For the large-scale validation tests in the FM Fire Products Oollector, 

two 4.9 m (16 ft) long and 0.61 m (2 ft) wide vertical sheets of Narinite 

separated by about 0.30 m (1 ft) were used. A single layer of 5.2 m (17 ft) 

long cable samples touching each other was attached to both Marinite sheets 

with cable layers facing each other. For ignition, a 61 kW (210,000 Btu/hr) 

propane air sand burner with a flame height of about 0.60 m (2 ft) was used.  

The burner was placed at the bottom between the two sheets. Chemical heat 

release rate was determined from the generation rates of carbon monoxide and 

carbon dioxide, very similar to the procedures used in the fire propagation 

tests in the FM Intermediate-Scale (500 kW-Scale) Flammnability Apparatus. FPI 

values were determined in the large-scale cable fires using chemical heat 

release rate from the tests and the thermal response parameter from the 

ignition tests (Table III).  

In the tests, one Group 3 cable and four Group 1 cables were used. The 

cable classification based on the Fire Propagation Index determined from the 

large-scale cable fire tests was in agreement with the classification based on 

the Fire Propagation Index determined from the fire propagation tests in the FM 

Intermediate-Scale (500 kW-Scale) Flammnability Apparatus (Figures 27 to 31).  

In the sustained electrical overloading tests, single vertical, 1.37 m 

(4.5 ft) long cable was used in the FM Intermediate-Scale (500 kW-Scale) 

Flammnability Apparatus. Six power cables of various sizes were tested. Time 

to cable vapor formation, surface and conductor temperatures at various load 

currents were measured (Table V and Figure 32). Once the cable was heated to 

the critical heat flux conditions for ignition (Figure 35), the cable vapors 

could be ignited by a small butane flame, resulting in instantaneous fire 

propagation throughout the cable surface. The sustained electrical 

overloading test data suggested that in the presence of electrical faults 

leading to cable overheating, fire propagation is expected irrespective of.  

cable classification. Thus the power cables, irrespective of their 

classification, should be provided with adequate electrical protection.  

An examination of the cable classification based on the Fire Propagation 

Index and their performance in the IEEE-383 test (Section 2.1.1) showed 

numerous inconsistencies (Section 3.6) in cable classification based on the 

IEEE-383 test. Inconsistencies were also found (Section 3.6) in the cable 

classifications based on the standard tests for the communication cables 

specified in the National Electrical Code (Section 2.1.2). A highly
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halogenated cable, which passes the UL 910 test (ClIP cable) is classified as 

Group 1 cable based on its Fire Propagation index. Three other communication 

cables were also tested, all of which were classified as Group 3 cables based 

on their Fire Propagation Index; however, one of the cables was a O4IR cable 

(passes the UL 1666 Riser Cable Fire Test), another was a CM cable (passes the 

UL Vertical Tray Flame Test, same as the IEEE-383 test), and the last one was 

a CMX cable (passes the UL VW-1 Flame Test).  

The results of this study show that cables can be classified in the 

Factory Mutual'Flammability Apparatuses. Factory Mutual has used the test 

apparatuses-and procedures from this study, and a specification testing 

standard has been proposed [41].  

PK


