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ABSTRACT

This report presents the findings of a task in which cur-
rently available fire research literature was reviewed for
quantitative data on the burning characteristics of combus-
tible materials that are found in nuclear power plants. The
materials considered for which quantitative data were
available 1include cable insulation materials, flammable
liquids, furniture, trash and general refuse, and wood and
wood products. A total of 90 figures and tables, taken pri-
marily from the referenced works, which summarize the
available quantitative fire characterization information for
these materials is presented.

Eighty-two references are cited. Many more papers were con-
sidered though it was found that much of the data presented
on fire behavior of materials is of a gqualitative nature.
This data often results from qualitative pass-fail or rela-
tive ranking tests. 1Information of a qualitative nature was
not considered for presentation in this review.

Fire characteristics emphasized include mass release, heat
release, distribution of heat released into radiative and
convective fractions, combustion products generation rates,
flame heights, ignitability., flame spread rate, and feedback
effects. The toxicity of combustion products was not con-
sidered in this study..

It is identified in the review that fire characterization
information for nuclear power plant type fuels 1is needed
.primarily for use in risk assessment analyses. Much of the
data presented here may be used as stand-alone results for
use as input to environmental simulation computer codes.
This generally requires direct knowledge of the actual heat
release rate-of a given fire. Data of this type are pre-
sented for most fuel types including cable insulation in a
cable tray configuration, liquid fuels, and trash fires.

Other applications in risk assessment require the use of
computer simulation models that not only predict the envi-
ronmental effects of a given fire but also attempt to
predict the growth and development history of a fire in a
particular fuel configuration. This requires more general-
ized information on the physical properties of the  fuel
element. These properties include the common physical
properties such as density, thermal conductivity, and
specific heat, as well as other properties more directly
related to fire behavior including ignition criteria,
sensitivity of mass 1loss to fire feedback, flame spread
properties, and heat release per unit mass. Data of this
type, particularly for cable insulation materials, are
presented. These data were typically obtained from
small-scale tests and the limitations of these small-scale
test results are discussed.
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EXECUTIVE SUMMARY

This report presents the findings of a literature review on
currently available fire characterization data as they apply
to nuclear power plant fire situations. Fuel sources for
which quantitative fire characterization data is reported
are:

Cable insulations,

Furnishings (primarily chairs),

Flammable ligquids,

Wood and wood products, and

General trash and refuse.

Additional potential combustible fuel sources identified for
which no quantitative fire characterization data was found
are:

- Nonwaste Configurations of Paper (drawing racks,
computer paper, procedures manuals, etc.),

- Computer Disc and Tape Storage Racks, and

- Anticontamination Clothing Storage Racks and Disposal
Hampers.

Data on each of the first five categories of fuel material
are presented in the report. The characteristics associated
with the release of heat and mass are focused on as those of
primary concern. For some fuel sources additional informa-
tion on flame spread rates, flame heights, and combustion
product yield rates is also presented.

Cable insulation materials are identified as the major com-
bustible fuel source for most areas of a nuclear power plant.
Quantitative data from both 1large and small-scale test
efforts are reported. It is pointed out that the use of
small-scale test data is still considered an uncertain pros-
pect at best within the fire research community. Inherent
difficulties in the construction of appropriate test appara-
tuses and in interpretation of the test data are discussed.
A certain amount of large-scale test data on the burning of
cable insulation materials is also presented. While large-
scale test data is not as readily available, its use involves
less interpretation and extrapolation when applied properly.
Large-scale cable fire test data, however, is rather limited
in that large-scale test efforts have typically focused on
the effectiveness of fire suppression systems rather than on



the fire itself. It is also noted that very few well-
documented 1large-scale cable €fire test efforts have been
undertaken.

For furnishing materials it was found that the WNational
Bureau of Standards has engaged in a series of furniture
fire characterization efforts. Furnishings such as chairs
are primarily of concern in the control and computer areas
of a plant. Data from the NBS test efforts which utilized
chairs similar to those one might expect to find in a nuclear
power plant are presented. This data includes the rates of
heat and mass release for typical furnishings. A predictive
correlation is also presented for wuse in estimating the
expected heat release rate of a given chair.

For flammable liquids it was found that a large base of data
exists on the burning of a pool £fire. For a variety of
liquids a correlation is presented which provides a predic-
tion of the mass release rate of a liquid pool fire based on
certain properties of the liquid and the size of the pool.
High pressure fluid spray fires are also 1identified as
potential forms 1in which a 1liquid fuel fire may be
encountered. It was found that only very limited data on
the burning of spray fires were available. This area appears
to be a relatively new area of research.

For wood and wood products, most of the information pre-
sented is taken from a review by Chamberlain.[18]) In
Chamberlain's review a variety of wood and wood-based
products were considered. A large base of data was pre-

sented by Chamberlain. Reproduction of this data in the
present work was considered redundant, and hence, for this
category of fuel limited examples of the data in
Chamberlain's work are presented.

The f£inal category for which quantitative fire characteriza-
tion data was found is trash and general refuse. Within
this category four studies ‘are cited. In general it was
found that a fairly complete data base on the heat and mass
release rates for small trash fuel source packages exists.

The reader should note that the data presented here are a
compilation of the works of many researchers from many
facilities. While fire research has been underway for many
years, the conventions and standards for data presentation,
data collection, and technical terminology are not fully
consistent. For instance, in large-scale fire characteriza-
tion testing, the degree to which room effects such as oxygen
depletion, smoke, local temperatures, wall/ceiling proximity,
and ventilation configuration and rate effect the development
of a given fire are often not directly addressed. Thus, in
using a particular data set, it is important that the user



review the test setup and procedures in order to insure that
the data are used appropriately. 1In this review an attempt
has been made to identify any particular aspects of each data
set which may effect the validity of certain end uses of the
data. The ultimate responsibility for appropriateness of
data usage rests with the user and it is recommended that a
review of the original references be made before utilizing
the data presented here.

As a result of this review it is recommended that should
further fire characterization efforts be undertaken that
they focus primarily on larger scale cable fire characteri-
zation tests. ~ Cable insulation 1is the major source of
potential fires in a nuclear power plant. In most cases,
other than very large spills of flammable liquids, other fuel
sources within nuclear power plants will primarily play the
role of ignition and exposure sources for the cable insula-
tion as opposed to representing significant hazards in and
of themselves. For this reason it would be of interest to
gain a more thorough understanding of the behavior and
characteristics of fires 1involving 1large arrays of cable
trays.

It should be noted that to be truly helpful in reducing the
uncertainty associated with the burning of cables such tests
should be conducted such that the results may be used to
validate the small-scale test data already available. This
should first begin with an investigation of fires in inter-
mediate scale cable tray installations, moving eventually to
larger scales. If it can ' be demonstrated that the small-
scale test results can be successfully used to predict large-
scale fire behavior, then the need for large-scale test
efforts will diminish. If this validation process shows no
ability to predict large-scale fire behavior based on small-
scale results, then the data from large-scale tests will
become more valuable.

This necessarily implies a coupling between experimental and
analytical techniques. Validation of the small-scale test
results will be at least in part dependent on the validation
of computer simulation models which utilize those results.
A number of such models of the behavior of cable fires are
identified. )



1. INTRODUCTION

1.1 Scope of the Current Work

This is a report on the findings of a review of currently
available literature on heat and mass release rates in fires.
The purpose of this review was to determine the current state
of knowledge regarding the burning characteristics of various
types of combustible materials found in safety-related areas
of nuclear power plants. Other areas of the plant, such as
the administrative offices, will have significantly different
fuel loadings than will the plant in general. However, these
areas are not critical to safe operation of the plant and
hence are not specifically considered in this review.

This effort was conducted primarily in support of separate
efforts investigating the damageability of various components
in fire environments and efforts to develop mathematical
tools capable of predicting fire environment development.
Emphasis in this review is placed on those combustion
characteristics which influence the development of the
thermal and corrosive aspects of the environments, as
opposed to the toxicity/habitability aspects of the environ-
ment. (For a review of toxicological studies refer to two
works by Tewarson.[1,2])

The discussion will focus primarily on the heat release rate
characteristics of the fuels of concern and the factors which
influence heat release rate behavior. Material characteris-
tics closely related to heat release behavior are the mass
release characteristics, the heat of combustion, the burning
efficiency, and the distribution of the total heat release
inte convective and radiative fractions. These additional
factors will be discussed as appropriate. Also to be dis-
cussed wWill be the generated products of combustion where
such data is available.

Tests which provide this type of data have been conducted on
both a small-scale and a large-scale basis (large-scale here
will include what some investigators refer to as intermediate
scale). Small-scale tests are generally those performed on
very small samples of the material of concern. These samples
will typically be on the order of a few square inches of
material. Large-scale tests are dgenerally those conducted
using fuel sources which approach the actual installation
scale. This definition is somewhat flexible as for many
situations, particularly cable tray installations, it is
impractical to use mockups of full-scale installations due
to their complexity and the magnitude of material involved.
Tests which use fuel sample configurations with a scale on
the order of feet in size are generally classified as large
(or intermediate) scale tests.

"



The reader should note that the data presented here are a
compilation of the works of many researchers from many
facilities. While fire research has been underway for many
years, the conventions and standards for data presentation,
data collection, and technical terminology are not fully
consistent. For instance, in large-scale fire characteriza-
tion testing, the degree to which room effects such as oxygen
depletion, smoke, local temperatures, wall/ceiling proximity,
and ventilation configuration and rate effect the development
of a given fire are often not directly addressed. Thus, in
using a particular data set, it is important that the user
review the test setup and procedures in order to insure that
the data are used appropriately. In this review an attempt
has been made to identify any particular aspects of each data
set which may effect the validity of certain end uses of the
data. The ultimate responsibility for appropriateness of
data usage rests with the user and it is recommended that a
review of the original references be made before utilizing
the data presented here.

The body of this report begins with a definition of the fuel
sources of concern. This is followed by a general dis-
cussion of trends in current and past fire research, and a
brief description of several works which complement the
present work. In Sections 2 through 6 the available data of
the type described above on the fuel sources of concern is
presented. The report closes with a discussion of the per-
ceived needs with regards to characterization of the fuels
found in nuclear power plants from the viewpoint of both
stand-alone results and predictive modeling of fire and fire
environment development.

1.2 The Fuel Sources of Concern

The first step in any study must be to define the problem.
In the present case this implies the definition of the fuel
sources of concern in nuclear power plants. Combustible
fuel sources are commonly divided into two broad categories;
the in situ fuel sources and the transient fuel sources.
The in situ fuel sources are defined as those fuel sources
which are present in a plant on a permanent or semipermanent
basis either by design or by practice. The transient fuel
sources will be defined as all other fuel sources and are
presumably introduced into the plant on a temporary basis.
While a fuel's status as either an in situ or transient fuel
source has no bearing on the availability of fire charac-
terization data, this convention will be used for convenience
of presentation. '

The in situ fuel load is clearly dominated by the electrical
cable insulating materials in most areas of a nuclear power



plant. These electrical cables will be found in both the
cable routing trays throughout the plant and in the
electrical control cabinets. These cables will be made up
of a variety of cable types specific to each plant site.
Even within a single plant a variety of cable types may be
found. The primary characteristics which distinguish one
cable type from another with respect to fire behavior include
cable jacket formulation, cable insulator formulation, multi-
versus single-conductor, cable size, and flammable to non-
flammable material weight ratios.

In addition to the cable insulation, the control and computer
rooms will have in situ combustible fuel 1loadings of paper
(in the form of instruction and procedure manuals, drawings,
and documentation manuals), storage racks of computer discs
and tapes, and a 1limited amount  of office furniture
(primarily chairs). Other plant areas, such as diesel
generator and pump areas, WwWill contain combustible diesel
fuel, 1lubricating oils, and hydraulic fluid. (As described
below, each of these additional items can also appear as
transient fuel sources depending on the specific 1location
and circumstances.)

One fuel type which may be counted as either an in situ or
transient fuel source depending on the specific plant appli-
cation includes such items as anticontamination protective
clothing storage racks (for unused clothes), and hampers for
disposal of these items after use. In some cases these items
may be located in a particular location for extended periods
of time. In other cases they may be installed on a very
short-term basis during specific plant operations.

The transient fuel loads will be much more difficult to des-
cribe, as a comprehensive study of transient fuel sources
has not yet been completed for nuclear power plants. Some
insights can be gained from the results of a study by
Wheelis.[3] As a part of this study. a review was made of
37 Inspection and Enforcement (I-and-E) reports, covering
approximately 25 plants for the period 1979-1984. The study
also included interviews with 35 nuclear power plant
inspectors. One of the problems with this data base is that
the specific quantity of material found 1is not always
reported by the inspector. There 1is also some question as
to how consistently transient fuels are actually reported.
In general, however, certain trends were clear.

Wheelis found that reported transient fuel sources could be
grouped into five major categories: untreated wood, paper
products (in the form of trash), oil and/or grease, cleaning
solvents, and paint. The transient fuels were in general
found in relatively small quantities. For instance, oil and



grease were typically reported in quantities of five gallons
or less and other flammable 1liquids 1in quantities of one
gallon or 1less, as shown in Figqures 1 through 3. Paper
products and general refuse were reported in gquantities from
a single candy wrapper or matchbook ¢to an overflowing
industrial waste container, although partially full 55-
gallon-drum-sized industrial waste containers were the norm,
as shown in Figure 4. VUntreated wood was generally found in
small to moderate gquantities (i.e., a couple of planks or a
sheet of plywood), although on occasion very large quantities
were reported (usually involving some form of construction
or repair scaffolding). .

One significant exception to this general rule was that 1in
more than one instance very large quantities of waste oil
were reported. For instance in one case., 60 55-gallon drums
of waste o0il were reported to have been found in one plant's
turbine building. In another case, a single 55-gallon
drum of 1liquid labeled "kerosene" was found in a turbine
building outside the entrance to the diesel board room. 1In
a third case, 12 open drums, each containing as much as
several gallons of o0il, were found in an emergency diesel
generator room. Cases such as this were not common and
typically involved a plant in which large machinery was cur-
rently undergoing, or had recently undergone, major
servicing.

Thus, the fuels of concern in the present study can be sum-
marized as follows:

1. Cable insulation
2. Office-type furnishings

3. Paper (nonwaste) in the form of
a. procedures manuals
b. computer documentation manuals
c. computer printer paper
d. drawings

4. sStorage racks for computer tapes and disks

. Flammable liquids such as
a. diesel fuel
b. 1lubricating oils
c. cleaning solvents
d. dJgrease

6. Wood and wood products

7. Anticontamination clothing storage racks and disposal
hampers



B. General trash and refuse

The author knows of quantitative data available for each of
these fuel sources other than categories 3, 4, and '7. Each
of the remaining categories will be discussed in the sections
which follow.

1.3 General Trends in Past and Present Fire Research

It is useful when undertaking an effort such as this to first
look at the historical factors which have resulted in the
availability of the data one 1is seeking. Currently some
12,000 people in the United States lose their lives to fire
each year with an additional 300,000 seriously injured.(4]
This loss of human life is accompanied by an estimated four
billion dollars in property damage each year.[4] It has been
the long-term continuation of staggering annual fire 1loss
statistics which has initiated and continues to drive the
bulk of research on unwanted. uncontrolled fire.

Research on undesired fires has been primarily sponsored by
the insurance industry and by various government agencies at
both private and government research centers. More recently
the subject of undesired fires has become a legitimate topic
for study at an academic level as well., with more and more
research being conducted at universities around the country.
Differences between the motivating forces which drive various
groups to study undesired fires have led to a divergence of
the thrust of fire research as well.

Insurance industry groups have sponsored a variety of studies
on fire prevention, detection, and suppression as well as a
number of studies on the toxicological effects of combustion
products. For innumerable references of this type one need
only consult the annual summaries of research activities
published by such g¢groups as Factory Mutual Research
Corporation. While these studies have led to a greater
understanding of fire phenomena overall, they do not
generally have direct applicability to the current review.
The main objectives of these tests are typically to
characterize the environment created by the fire and fire
suppression efforts under certain specific fire conditions,
as opposed to characterization of the fire itself. These
studies typically do not include specific instrumentation
for the calculation of heat, mass, and combustion products
release rates.

Government regulations have resulted in a variety of quali-
tative tests which are 1intended to ©provide comparative
measures of the behavior of different materials under care-
fully prescribed conditions.[5.6,7] These types of tests
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will compare materials based on such aspects of fire behavior
as ignitability, flame spread rate, smoke production, toxic
gas production, and contributed heat release. These tests
do not provide the type of quantitative data sought in this
study. Indeed the validity of tests of this type for even
gqualitative judgments has been gquestioned.([5.6.,7]

University studies on uncontrolled fire have been primarily
concerned with the fundamentals of combustion including flame
spread mechanisms, plume dynamics, buoyancy fundamentals,
chemical kinetics, and the development of computer simulation
models. The data obtained in these studies is generally of
such a fundamental nature that it is not the type sought in
the present review.

Many of the large-scale fire tests conducted, particularly
those conducted on cables and cable trays, are qualification-
type tests. That 1is to say, the materials are tested in a
relatively large-scale configuration and qualitatively ranked
as to their performance in the tests (as defined by the par-
ticular test in question) on a comparative basis. Other
tests have been conducted on a large scale to study the
effectiveness of suppression systems in extinguishing various
fuels. These two Ltypes of large-scale tests will typically

- measure various environmental conditions <created by the

experimental fire without addressing the details of fire
growth and spread. Very few of these tests attempt to
characterize the experimental fire itself in more than a very
superficial way.

This lack of information 1is due, at least in part, to the
fact that large-scale fire test instrumentation ‘is still in
a rather primitive state. Much of the instrumentation and
many of the techniques used in fire research today have been
developed in very . recent years. For instance, oxygen con-
sumption calorimetry was first investigated for use in large-
scale fire testing in the late 70s and has only recently
become a practical and widely accepted tool for the calcula-
tion of heat release rates during large-scale fire tests.
Similar methods which calculate heat release rates based on
the generation rates of carbon dioxide and carbon monoxide
are also relatively recent developments.([8] Prior to the
advent of these methods, the primary method for measuring the
actual heat release rates during large fire tests was to
conduct the test in a calibrated test enclosure and care-
fully track the flow of heat into and out of the test cham-

ber. This process was very involved and very few calibrated

facilities were available. This method introduced a number
of uncertainties in the calculation process and hence the
data obtained was often questioned. Other methods, such as
integration of the plume flow and attempts to measure the
total radiative power of the fire, have also been attempted
and have yielded questionable results.



Another source of test instrumentation development has been
the Home Fire Project.[9] This project was sponsored by the
National Bureau of Standards Center for Fire Research (NBS
CFR) and conducted in conjunction with PFactory Mutual
Research Corporation (FMRC) and Harvard University between
1972 and 1982. In addition to a number of theoretical
studies, several large-scale fire tests were performed.
These tests were primarily concerned with fires in resi-
dential structures and hence the fuels used were primarily
furniture (especially bedding material) and wall finishing
materials. While most of the data obtained during these
tests does not have direct applicability to this study. as
the fuels used were not those of concern here, these tests
have resulted in a much greater understanding of the pheno-
mena of fire overall. During the course of this project
many advances in the state of the art in fire test instru-
mentation were made, particularly in the area of flame
radiation measurements.

While many of the early fire tests, particularly those on
cable fires, were conducted on a large-scale basis, the clear
trend in more recent studies has been towards small scale
material characterization tests. This trend towards small-
scale testing is motivated by two factors. First, the cost
of full-scale testing is much greater than is that of small-
scale tests. Secondly, the state of fire modeling through
computer simulation has been greatly advanced in recent years
(particularly by the above-mentioned Home Fire Project), and
small-scale materials testing can provide the guantitative
values for the commonly needed 1input parameters.[10-16])
Small-scale experiments will typically measure quantities
such as heat release rate, smoke production rate, rate of
generation of certain combustion products, and mass release
rates using very small samples of the material in question.
These properties are usually measured on a "per unit area of
exposed surface" basis, and as functions of such parameters
as exposure heat flux (either incident or net), and oxygen
concentration. Small-scale tests have generally attempted
to address the issue of feedback effects on fire behavior by
carefully controlling the conditions under which the test is
conducted. )

These small-scale test results do have drawbacks. Many
investigators have gquestioned the degree to which small-scale
test results reflect true fire behavior.[10.11,13] Until
these small-scale test results have been more fully validated
through larger-scale test data, caution must be exercised in
the use of small-scale test results in the prediction of
full-scale fire behavior.
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1.4 Other Complementary Works

There are several works which complement the present review
in such a way as to be worthy of special note. These works
are reconmmended as supplements to the presentation of the
present work. Each of these works will be discussed in
greater detail as appropriate in the sections which follow.

Tewarson ‘[1] performed & review of combustion and pyrolysis
products generated by burning polyvinyl chloride (PVC). This
review includes a number of references on PVC combustion/
pyrolysis studies. PVC is one of the commonly used materials
in the formation of cable insulation and jacketing material.
This type of cable insulation can be found particularly in
the older nuclear power plants. A significant amount of
data is presented in the report on both the rates of specific
product release and the toxicity of those products. Hydrogen
chloride (HCl) is identified as the major product of PVC
combustion. Benzene, smoke, toluene, vinyl chloride., carbon
monoxide, and other saturated and unsaturated hydrocarbons
are also identified as products of PVC combustion.

Cahn and Mishima [17] of Pacific Northwest Laboratory (PNL)
recently performed a review of combustion products litera-
ture for the NRC Office of Regulatory Research, Division of
Risk Analysis. This review was concerned with combustible
fuel sources in nuclear fuel cycle facilities and focused on
the following materials:

- Polymethylmethacrylate (PMMA) {glovebox viewing
windows) )

- Polystyrene (PS) (ion exchange resin)
- PVC (wrapping/covers)

- Elastomers (i.e., rubber and other plastics used as
seals/gaskets) ‘

- Cellulose

- Cellulosic materials (i.e., paper and rags for
cleaning)

- organic fluids (i.e., kerosene as 1liquid-liquiad
extraction solvent and hydraulic fluids as
lubricants)

Cable insulation materials were not considered. For those
materials that were considered, many studies were reviewed
and data from these studies was compiled and presented in
the report. The data presented forms an excellent data base
for these materials. some of the findings from this work
will be presented as appropriate in the sections that follow.
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Chamberlain [18] conducted a study of the burning charac-
teristics of wood-based materials. This work was sponsored
by the National Forest Products Association. The materials
investigated included a number of raw types of lumber as
well as a number of processed wood products including
plywood, particle board, and acoustical tiles. This type of
material can be found in a variety of forms in a nuclear
power plant. As appropriate some of the findings of Chamber-
lain's review will be presented in the sections which follow.
For a more comprehensive treatment of the burning behavior
of these materials the reader is directed to Chamberlain's
work.

Hall [19] reviewed the properties of flammable liquid pool
fire burning. This work presents a great deal of informa-
tion on many of the early fire research studies which
involved pool fires. Hall's work presents an excellent
treatment of both theoretical and practical aspects of pool
fire behavior. Some of the findings of this review will be
presented in the sections which follow. This information is
supplemented by more recent publications which utilize the
information presented by Hall and others in order to form
predictive correlations for pool fire behavior.

Another work worth noting is Hilado's Flammability Handbook
for Plastics.[20])] This work contains a compilation of cer-
tain fundamental ©properties such as density. thermal
conductivity, specific heat, heat of gasification, heat of
combustion, stoichiometric flame temperature, and decomposi-
tion temperatures for a variety of plastic materials. While
these plastics are not actual cable insulation samples, many
are the basic types of polymer used in the formulation of
cable insulations. Many of the fire retardant materials used
in plastics formations are also presented and discussed.
This work also provides insights into the burning charac-
teristics and behavior of plastic materials. Discussions on
the processes by which various plastics are formed, the end
uses to which plastics are distributed, and the characteris-
tics of various classifications of plastics are also pre-
sented. The tables contained in Hilado's work are far too
extensive to reproduce here.

Lee [21] of the National Bureau of Standards performed a
review similar to the present work. Lee's work consolidates
" the data from a number of studies conducted by the NBS and
others. Lee's review was not as extensive as the current
review. Many of the sources cited here were not considered
by Lee. The data from one of the more extensive large-scale
cable tray fire studies (the FMRC/EPRI extinguishment tests)
was examined in detail. Lee also attempted to obtain useful
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correlations for the burning of trash fire sources using the
data from a number of experimental studies. A limited pres-
entation was also made of the characteristics of wood and
liquid fuel fires. ' Lee's findings are presented in the
present work as appropriate. Particular consideration is
given to Lee's treatment of the FMRC/EPRI cable fire tests.

2. THE AVAILABLE DATA ON THE BURNING OF CABLE INSULATION

2.1 Small-Scale Testing of Cable Insulation Materials

As was stated previously, there has been a trend in recent
fire research studies towards small-scale characterization
testing. Most of the information of a quantitative nature
on the behavior of cable insulating materials under fire
exposure conditions has been obtained using various small
scale test apparatuses. The data of this type available
from a number of test apparatuses is discussed in the sec-
tions which follow.

The largest drawback to the use of these data is that small-
scale test results have not been validated to any great
extent. It is still uncertain to what extent the response
of these materials in small-scale tests reflects the behavior
of these materials under large-scale exposure conditions.
Thus, the validity of small-scale data for quantitatively
representing actual fire behavior is still in
question.{10,11,13]

The data are presented here as the trend is towards this type
of small-scale characterization testing. It is important
that one understand the type of information available from
these investigations, and the limitations and drawbacks of
the data presented. The reader is cautioned to use this data
only with the full recognition of the current debate
regarding the validity of the test results. Caution must be
exercised in the use and extrapolation of this data beyond
the actual test conditions.

2.1.1 The OSU Rate of Heat Release Apparatus

One of the more popularly used small-scale test apparatuses
is the Ohio State University (OSU) Rate of Heat Release
Apparatus.[22,23] This is the. only commercially available
apparatus of its kind and is now in use in some two dozen
facilities.[24) BAs is, the apparatus uses conventional cal-
orimetry calculations (as opposed to oxygen consumption cal-
orimetry) with a number of numerical correction schemes
[{25-27] available for compensation of, the data for thermal
lag in the apparatus.
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Recently, Krause and Gann [28)] modified an OSU apparatus to
make use of oxygen consumption calorimetry methods. Their
results using the modified apparatus showed large differences
between the values for heat release rate predicted based on
the conventional calculation methods and those based on
oxygen consumption calorimetry. Babrauskas [24] also inves-
tigated this discrepancy in results using a modified OSU
apparatus with polymethylmethacrylate (PMMA) and several
gaseous fuels. The results of this study indicated two
problems with the OSU apparatus. First, and most serious,
it was found that the heat release rates calculated using the
latest version of the standard operating procedure [25] were
as much as 20 to 30 percent below the values calculated
based on oxygen consumption calorimetry as shown in Figure 5.
Babrauskas attributed this discrepancy to heat storage
problems in the apparatus.

Secondly, when using the solid fuel (PMMA) it was observed
that the heat release rate would not remain constant
throughout an experiment (as would be expected given that
experimental conditions were held constant); but rather, as
the experiment progressed the heat release rate calculated
would steadily increase as shown in Figure 6. Babrauskas
attributed this phenomenon to the observation that flame
from the specimen being tested would impinge upon, and heat
up portions of the test apparatus. This heating of the
apparatus presumably resulted in an increase in the incident
heat flux delivered to the test specimen due to feedback
from the hot test apparatus which in turn resulted in an
increase in the fuel burning rate.

Because of these limitations., Babrauskas suggests that any
data obtained using an OSU apparatus be considered as rela-
tive, semiquantitative data only.[24] For this reason data
obtained using the OSU apparatus will not be presented here.
The reader is cautioned against use of data from the OSU
apparatus for other than gualitative or relative comparisons
until these discrepancies have been resolved.

2.1.2 The FMRC Small-scale Flammability Apparatus

A second small-scale apparatus, developed by Tewarson and
Pion [29] at Factory Mutual Research Corporation (FMRC),
appears to have avoided the problems of the OSU apparatus.
The FMRC apparatus uses disc-shaped samples approximately 10
cm in diameter and 2 cm thick. The apparatus has also been
used for the exposure of similarly sized samples of a variety
of cable types. The test samples are placed in a horizontal
configuration within a quartz tube. Air is introduced into
the bottom of the apparatus at a known flow rate, tempera-
ture, and oxygen concentration. The sample is subjected to

~14-



external heat fluxes through the wuse of four radiant
heaters. The pyrolysis/combustion products are then
collected in a hood for analysis. The configuration of the
apparatus allows for 1independent control of incident heat
flux to the fuel surface, ventilation rate, oxygen concen-
tration of the 1inlet air, inlet air temperature, and other
properties of the inlet flow.

A large number of studies have been conducted using this
apparatus with a number of materials.[8,29-40] These studies
have included investigation of the effects of incident (or
net) feedback heat flux and oxygen concentration on the
burning characteristics of various materials. Many of these
tests have used plastics and cable insulating materials as
the combustible fuel. Data reported typically includes mass
release rate per unit area at various flux levels, con-
~vective and radiative fractions of the heat release, actual
heat of combustion per unit mass, combustion efficiency,
smoke generation rates, and products of combustion analysis
(yield fractions for carbon monoxide, carbon dioxide, and
unburned hydrocarbons).

Many of the experimental results obtained using the FMRC
apparatus for a variety of polymers and organic liquids were
compiled in a work by Tewarson.[30] One of the most
interesting results documented is that a linear relationship
between the mass release rate and net heat flux delivered to
the fuel surface was clearly demonstrated for most
materials, including all polymeric cable insulation
materials.[30] Figures 7 and 8 illustrate this relationship
for the polymers and organic 1liquids tested. While the
materials shown 1in these two figures are not actual cable
insulation samples, these data are presented here in order
to illustrate this behavior.

Observation of this phenomena led the FMRC researchers to
the definition of a critical exposure heat flux and a fuel
sensitivity parameter which characterize this relationship.
This type of relationship between the exposure conditions and
material behavior should prove useful in attempts to predict
the development of fires using deterministic computer codes.

In a later work [31] the findings of a similar FMRC study on
cable samples were compiled.  Table 1 gives the physical
properties of the cables tested. Tables 2, 3, and 4 present
the compiled heat-of-combustion values for these cable
samples. These data include a breakdown of the convective
and radiative portions of the actual total heat release.
Table 5 presents the heat flux sensitivity values for some
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of the cable samples. These sensitivity values are of the
same nature as those discussed above in regards to polymers
and organic 1liquids. They characterize the slope of the
linear relationship between the incident, external heat flux
received at the fuel surface and the resulting rate of mass
release from the fuel surface.

Also reported for the FMRC small-scale cable fire tests were
the yield rates for carbon dioxide, carbon monoxide, and
unburned hydrocarbons. These data are presented in Table
6. The investigators noted that yield of carbon dioxide can
be related to burn efficiency and actual heat of combustion.
The actual heat-of-combustion correlation is illustrated in
Figure 9. The researchers also observed that heat of com-
bustion of a particular cable insulation material appeared
to decrease as the percentage by weight of insulation
material in the cable increased. This relationship is illus-
trated by Figure 10. It was also noted that yields of
unburned hydrocarbons and carbon monoxide appeared to
increase with 1increasing weight percentage of insulating
material as 1illustrated by Figures 11 and 12. While the
investigators recognize that the data are somewhat sparse it
does seem to indicate that as the percentage of cable weight
attributed to 1insulation increases, burning efficiency
.decreases.

Tables 7-11 are taken from another work by Tewarson [8] which
also presented a compilation of small-scale test results from
a number of studies. Table 7 presents total and actual
heat-of-combustion values for selected liquids and polymers.
The total heat-of-combustion values are the type obtained in
bomb calorimetry tests while the actual heat-of-combustion
values are obtained from open fire testing. The actual
heat-of-combustion values (sometimes referred to as lower
heat-of-combustion values) include a realistic burning
efficiency.- These burning efficiencies can be estimated from
the ratios of the actual to the total heat of combustions.
Table 8 presents the distribution fractions which charac-
terize the radiative and convective fractions of the heat
released by fire involving these fuels. Table 9 presents the
recommended average values of the convective fraction of the
actual heat release recommended by Tewarson for these fuels.
Table 10 presents the distribution ratios of the carbon
released from the fuel into the various products of combus-
tion. Table 11 presents the heat generation values per unit
of oxygen consumed or carbon dioxide dgenerated recommended
by Tewarson for use in oxygen consumption and carbon dioxide
generation calorimetry methods.

These results are only a small sample of the data which has
been gathered using the FMRC small-scale apparatus. The
references cited provide an excellent data base for small-
scale materials property data as related to the fire behavior
of materials.

-
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2.1.3 Small-scale Cable Testing at LLNL

Hasegawa et al., of Lawrence Livermore National Laboratory
(LLNL), used a modified NBS ease-of-ignition apparatus to
investigate the 1ignitability of cable 1insulations.[41-44]
Small samples of the cable of interest are subjected to a
methane diffusion flame of approximately 7-kW intensity. The
specimen is visually observed to determine the time of flame
attachment, and the output of a thermopile is observed to
determine the time at which the cable sample begins to
contribute significantly to the heat release. The test
results are shown in Figure 13 for three types of cable.

The authors reported the following conclusions about the
behavior of PVC cables based on their test results:

- Decreasing outside diameter reduces the ignition time.

- Although it is not a linear relationship, it appears
that decreasing the mass also reduces the ignition
time.

- No correlation exists between the percentage of
insulating material and the ignition time.

A limited number of tests were also conducted by LLNL using
Neoprene cable. These tests seemed to indicate that no cor-
relation existed between the cable's physical properties and
the time to ignition. 1Ignition time appeared to depend only
on the chemical composition of the jacket material and was
found to be the same for all of the Neoprene samples tested.

Using cables insulated with a rubber compound, no correlation
between physical cable properties and time to ignition were
observed. Ignition times did vary between samples: however,
this variation was not consistent and so no correlation
appeared evident. For all cable types it was observed that
multiconductor cables ignited nearly twice as fast as did
single conductor cables. This finding may be accounted for
through a consideration of the thickness of the thermal
barrier represented by the cable jacketing and for
insulation. For a single conductor, unjacketed cable the
single layer of insulation represents a relatively thinner
thermal barrier between the exposure source and the metallic
core than does the insulator plus jacket combination for a
multiconductor <cable. As the metallic core represents a
significant heat sink one would expect the outer surface
temperature of the <coating materials to 1increase more
rapidly in the case of a greater coating thickness for a
given exposure as heat will not be as quickly removed to the
metallic sink at the core. This would result in ignition
temperatures at the surface being reached more quickly as
coating thickness increases.
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Another ongoing program at LLNL 1is investigating the
chemistry associated with the thermal degradation of cable
and wire insulation.[43.44]1 An extensive list of degradation
products for a variety of cable insulation and polymer
samples was presented in the FY83 report.[43] Of the
materials listed those of interest to the present study are
those materials which are used in the manufacture of cable
insulations. The materials which fall into this category
which were tested in the LLNL program were various compounds
of PVC, neoprene, rubber, and polyethylene (PE). The results
for the high temperature degradation of these compounds are
reproduced in Tables 12, 13, 14, and 15 respectively. Addi-
tional data was reported for compounds of polyurethane,
mylar, and polyester though these materials are not of
interest to the present study.

A series of small-scale radiant heat exposure tests were also
conducted by LLNL in FY84.[44)] These tests were conducted
as a part of a larger effort at LLNL which is investigating
the behavior of large-scale cable fires (described below).
The radiant heating tests were intended to provide data
associated with the following issues:[44]

- Flame spread rate versus irradiance level.
- Flame spread rate versus bulk jacket temperature.
- Flame spread rate versus rate of heating.

- Threshold irradiance level for vertical (upward) flame
spread.

- Contribution of the cable core to flame spread.

Samples of seven types of cable were used in these tests.
The physical properties of these cables are described in
Table 16. Samples of each of the cable types were exposed
to five irradiance levels from 0.5 to 2.5 W/cm?2. The pri-
mary result of interest to the present study is illustrated
in Figure 14. This fiqure shows the rate of flame spread
versus the 1irradiance 1level for each of the cable types
tested. As expected the flame spread rate (FSR) increases
with increasing irradiance levels. This dependence appears
to be characterized by a minimum heat flux required to ini-
tiate flame spread (typically 0.5 to 1.5 W/cm?) with the
flame spread rate then increasing linearly with higher irra-
diance levels. Both the threshold flux level and slope of
the flame spread versus irradiance level curve were noted to
be dependent on the formulation of the cable jacketing
materials and the physical characteristics of the cable.
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As a part of the FY84 report a limited comparison between
the LLNL small-scale cable fire tests and the large-scale
cable fire tests was presented.[44] This comparison was
primarily a gqualitative comparison of the relative perfor-
mance of the various cables as measured by time to ignition,
rate of flame spread and heat release rate. No quantitative
comparison of the experimental results was presented.

Even when qualitatively comparing cable performance under
the large- and small-scale conditions the authors note mixed
success. For some cable types and some experimental results
the comparison yielded consistent results. However, the
authors do note that when considering small-scale thermo-
gravinimetric analysis which "correlates directly to the
large-scale FSR and 'is similar to the HRR, comparison...
produced a number of results totally inconsistent with the
large-scale results." While the authors do note several
factors which could contribute to these discrepancies they
go on to note that "in order to accurately define a cable's
fire response, the cable must be tested as a complete
assembly. This is one of the dangers of attempting to
extrapolate various fire-response characteristics from a
small-scale test which does not consider the complete
cable.*"[44]

2.1.4 Other Small-scale Testing Efforts

Kashiwagi {[45] investigated the effects of oxygen concen-
tration on the nonflaming gasification of polymethylmetha-
crylate (PMMA) and polyethylene (PE). Mass fluxes leaving
the surface of the fuel sample were measured at five
different oxygen concentrations and under two levels of
radiative flux. The results are shown in Figure 15.

The findings of this study indicated that the oxygen concen-
tration had a clear influence on the rate at which gases
were evolved from the test samples. For PMMA it was sug-
gested that the fuel surface tended to be less viscous in
the presence of oxygen than in an oxygen-depleted atmosphere,
which caused an increase in the gas evolution rate in the
presence of oxygen as compared to the oxygen-depleted case.
For PE it was observed that the fuel surface would turn brown
in the presence of gaseous oxygen causing an increase in the
heat absorption and hence the fuel gasification rate and fuel
surface temperature.

While the mechanisms were different, both materials dis-
played an increase 1in gasification rate with 1increasing
oxygen concentration. While these tests were conducted under
. nonflaming conditions the results would indicate that a sig-
nificant change in the oxygen concentration could effect the
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burning behavior under flaming conditions as well, with the
fuel burning more intensely for a given heat flux exposure
level in the presence of higher oxygen concentrations. Here
it is not particularly the materials which are of interest
but rather the fact that similar changes in fire behavior are
attributed to entirely different mechanisms for two polymeric
materials. This illustrates yet another difficulty which may
be encountered in attempts to describe material fire behavior
using generic correlations.

Bakhman et al.,[46] studied the rate of flame propagation
for PMMA threads, rods, and coated wires and PE-coated wires.
Data on the flame spread velocity as functions of angle of
progression, coating thickness, wire diameter, and initial
specimen temperature are reported. As with the previous
discussion it is not particularly the materials which are of
interest to the present study but rather the differences 1in
the mechanisms observed and the effects of those mechanisms
on fire behavior which are of interest.

In Figure 16 the flame propagation rate is shown for upward,
downward, and horizontal burning of PMMA threads and PE
coated wires as a function of outside diameter. 1In all cases
the flame spread was observed to decrease with increasing
diameter. It is interesting to note that for PMMA the flame
spread rate was slowest for downward propagation whereas
with the PE the flame spread rate was slowest in a horizontal
configuration. The authors attributed this to the observa-
tion that large amounts of the PE coating melted and ran down
the wire causing an increase in the rate of flame spread.
This melting was not observed with the PMMA. These results
illustrate the 1importance of both the orientation of the
cables and the formulation of the insulation on the rate of
development of a fire. The results also illustrate that the
effects of these parameters are coupled and not truly inde-
pendent.

Also using the moving wire technique, Shacke et al.[47]
investigated the combustion of PVC coatings on wires. This
study investigated the critical ignition temperature and the
generated products of combustion. Very little quantitative
data is reported and none will be reproduced here.

Many other small-scale tests of a qualitative nature have
been conducted using cable 1insulation and other common
materials. However, as these tests do not provide the type
of quantitative data sought in this review they will not be
discussed in the present work.
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2.2 Large-scale Cable and Cabinet Fire Tests

Large-scale cable fire tests have been conducted at a number
of facilities for a variety of reasons. While the data
gathered in these tests is not generally the type sought in
the present review, for the reasons discussed above, some
useful data is available and useful insights can be gained
from an understanding of previous test efforts. There have
also been a very small number of cabinet fire tests per-
formed at Lawrence Berkeley Laboratory (LBL) under the spon-
sorship of Sandia National Laboratories (SNL) in which elec-.
trical cables were used to simulate the actual fuel loading
of electrical control cabinets. These large-scale cable and
cabinet fire tests will be discussed in the sections which
follow.

2.2.1 Testing by Sandia National Laboratory

In a test effort intended to "investigate the adequacy of
the 20-foot separation criteria as specified in 10 CFR 50,
Appendix R" Underwriters Laboratory (UL) conducted a series
of large-scale fire tests under the direction of Sandia
National Laboratories (SNL).[48] These tests were intended
to characterize the environment created by a source fire in
order to determine if cables separated from the source fire
by 20 feet could suffer fire damage. Characterization of
the source fire itself was not a concern at the time of the
tests so0 that the source fuels were not instrumented for
weight loss and no attempt was made to determine heat release
rates at the time of the tests. '

More recently, with the increased interest in fire modeling
efforts, renewed interest was placed on this particular test
series as the test 4instrumentation included an extensive
array of thermocouples measuring both atmospheric and wall
surface temperatures, a limited number of doorway velocity
and temperature measurements, and a variety of heat flux
measurements at various locations in the room. It became
desirable to attempt to "back out" the heat release rates
for the test fires in order that the test data might be used
in the validation of various computer models of fire
environment development. Nowlen [49] performed a post-test
analysis of the experimental data in order to estimate the

"heat release rates for some of the tests through a globa;

energy balance on the test enclosure.

These tests involved both heptane pool fires alone, and com-
binations of a heptane pool and two vertical cable trays.[48]
Results were successfully obtained for two pool fire tests
and two pool/cable fire tests. While there is considerable
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uncertainty in the calculated values, the results for the
pool fires closely matched the expected results based on an
assumption of a uniform heat release rate for the observed
duration of the test fire and actual heat-of-combustion
values for heptane reported in the literature.

Nowlen's results are presented in Figure 17 which shows the
calculated total heat release rates for the experimental
fires successfully processed. The two "experiments" each
involved 10 gallons of heptane in a 1- by S5-foot pool placed
along the rear wall of the enclosure. These two experiments
differed in that Experiment 2 utilized an 8- by 8-foot open
doorway while Experiment 3 utilized a 4- by 8-foot open
doorway. The two "“tests" each involved 5 gallons of heptane
in the same pool with an additional fuel loading of two ver-
tical cable trays with a 12.5 percent fill (43 10-foot
lengths of cable per tray). For the two tests processed no
fire protection for the cable trays was utilized. 1In Test 1
the cables were unqualified while in Test 2 the cables were
IEEE-383 qualified. Further details on the conditions during
each of the tests and the results are presented in Reference
48.

Other large-scale cable fire tests conducted by SNL have been
summarized in other works. These tests have included inves-
tigations of cable separation criteria as specified in Regqu-
latory Guide 1.75,[50.51)] the effectiveness of fire retardant
coatings in suppressing fire propagation in cable tray
stacks, [50,51])] the effectiveness of fire shielding 1in
suppressing fire propagation,[50,51] the effects 'of wall
proximity on fire intensity (as measured by radiative heat
flux),[52] and the effectiveness of Halon, carbon dioxide.
and water suppression systems on the extinguishment of cable
fires.[50,53] As with the 20-foot separation tests described
above, the primary purpose of these tests was not to charac-
terize the fire 1itself and hence instrumentation for the ’
calculation of heat or mass release rates was not specifi-
cally provided. Back calculation of the heat release rates,
such as that performed on the 20-foot separation tests, is
not considered practical for these other tests.

Analysis of the overall test effort at SNL has led to the
development of a burn mode analysis method for cable tray
fires.[54] Under this method the mode of burning (e.q..
open flaming, smoldering, deep-seated burning) is related to
the fuel (cable) surface and fuel (cable) internal tempera-
tures. A mode analysis threshold diagram is developed with
these two parameters forming the ordinate and abscissa of
the diagram. The field thus defined is then divided into
various regions each representing a particular mode of
burning. Examples of burn mode threshold diagrams for
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IEEE-383 wunqualified and qualified cables are shown in
Figure 18. Also shown on these diagrams are the time
history of actual cable tray fire tests plotted onto the
burn mode diagranm. It is stated by the authors that "the
data base is neither statistically significant nor extensive
enough to cover the wide range of architecture, ventilation,
and fire protection design parameters encountered in LWR
plants. The tests do, however, provide important insight as
to how a suitable classification of fire phenomena might be
developed, especially for electrical cables." This method
may have application to future modeling efforts for cable
tray fires in that by tracing the time development of both
the surface and subsurface temperatures a model may be able
to more accurately predict the burning mode locally within a
cable tray; and hence, more accurately predict overall fire
development.

2.2.2 Testing by Lawrence Livermore National Laboratory

Lawrence Livermore National Laboratory (LLNL) has developed
a large-scale test method intended to evaluate various fire
performance properties of cables such as time to ignition,
mass loss rate, flame spread rate and extent, and generated
products of combustion.[41-44,55] 1It is also intended that
the tests be instrumented and monitored such that the data
can be used in the validation of small-scale fire test
results for cable insulating materials. As of the end of
fiscal year 1981 (FY8l), four preliminary tests had been
performed in order to evaluate the adequacy of the test
apparatus. The results of these tests were not considered
adequate and a redesign of the test apparatus was deemed
necessary. During FY82 the test apparatus was redesigned and
six additional tests were conducted.

The new apparatus uses a l.8-meter (6-foot) vertical run of
cables attached to a load cell for mass loss data collection
(see Figure 19). Note that the cables are not placed in a
cable tray but that layers of the cable are separated by
slats inserted at specified separation distances. A drip pan
and load cell are also placed below the cables to collect,
extinguish, and weigh any dripping insulation material.
Three cable loading levels were used, as illustrated in Fig-
ure 20. The highest loading was approximately 20 cables in
two layers with virtually no space between cables (100 per-
cent loading). The second 1loading was approximately ten
cables in two layers arranged such that there was a space
equivalent to one cable diameter between cables (50 percent
loading). The final loading was approximately five cables
in a single layer (25 percent loading). During FY83 several
refinements were made in the test apparatus and 17 addi-
tional tests were conducted.
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Results from tests conducted on seven basic types of cable
have been reported (Hypalon, Neoprene, PVC, Neoprene/rubber,
rubber, Rubber/Hypalon, and Nylon/PVC). Table 17 lists the
cable characteristics for each of the 23 FY82 and FY83 tests
reported. Note that the status of these cables with respect
to the IEEE-383 testing standard is not addressed by the
authors. Most of the early tests involved very 1large
diameter power cables while some of the later tests involved
smaller diameter communication, control, and power cables.
Table 18 summarizes the experimental data obtained during
each test. Though not all of this data is actually presented
experimentally determined quantities reportedly included
total flame spread, average rate of flame spread, oxygen
depletion, heat release rate by both oxygen consumption and
mass loss rate, and environmental temperatures.

One result observed by LLNL personnel during early tests was
that the rate of heat release calculated based on oxygen
consumption did not match that calculated based on the mass
loss rate data. In the FY82 report the authors presented the
calculated heat release rates based on mass 1loss and on
oxygen consumption for two cable tests. These results are
presented in Figure 21. The first of these tests (VCAB-2)
involved Hypalon cables in the 100 percent fill configura-
tion, while the second (VCAB-5) involved PVC cables in the
50 percent fill configuration. In both cases the oxygen
consumption values of heat release rate were consistently
and significantly 1lower than the mass 1loss/heat release
rates. During the FY83 tests the same discrepancy was
apparently observed. Two potential explanations are offered
by the authors.

First, with respect to the mass-based calculations, cable
insulation is made up of a variety of polymeric materials
and hence the heat of combustion can only be approximated.
If this is indeed the case then it points out one of the
weaknesses with using unvalidated small-scale test results
in the prediction of full-scale fire behavior. Secondly.
the ventilation rate was relatively high (500 liters/sec)
while burning intensities during these early tests were rel-
atively low (peak values ranged from 2.5 to 300 kW with typ-
ical values in the range of 10 to 100 kW). Thus the deple-
tion of oxygen was very small so that small errors in oxygen
concentration measurements would have resulted in 1large
errors in the calculated heat release rates. This problem
was also complicated by the presence of leaks in the chamber.
ventilation system. These effects have rendered the early
fire test oxygen consumption values unreliable in the
opinion of the authors.[43)] Leakage problems in the test
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facility ventilation system were subsequently corrected.
The authors consider oxygen consumption values for 1later
tests to accurately reflect the true heat release rates
(personal communication with H. Hasegawa and N. Alvares,
9/85). ’

Seven general observations based on the experimental results
obtained from the tests run through FY83 were documented by
the authors:{43]

- The 50 percent packing configuration produced the
highest heat release rate for most cable types.

- When exposed to the 20-kW exposure fire, the majority
of cables were very difficult to ignite. (Note that
all FY83 tests utilized only the 20 kW source fire as
exposure source.)

- Once ignited, the flame spread rate was very slow.

- In most cases, the extent of flame spread was only a
fraction of the vertical section. '

- Heat release rates remained low and were slow to peak.

- Fire performance correlates to the cable diameter
(1.2 to 2.54 c¢m), the percentage of conductor,. and
the packing density.

- Multiconductor cables generally have less fire
resistance. -

During FY84 15 additional vertical cable fire tests were
conducted. For. all of the FY84 tests the 50 percent packing
configuration, as described above, was used. The cable types
tested during FYB4 are described in Table 19{(a). Note that
these cables are somewhat smaller than previously tested
cables. Each of these cable types was tested once each as
described above for previous tests, and once each in the same
configuration with the addition of a radiant heat source
providing a heat flux to the cable's surface of 0.5 W/cmZ2.
The results of these tests are summarized in Table 19(b) and
19(c). It is not clear whether the peak heat release rate
values reported are based on .mass loss or on oxygen
consumption.

In all cases the peak heat release rate (HRR) and the flame
spread rate (FSR) were observed to increase significantly
with the addition of the external heat flux source. It was
also observed that the time to sustained ignition was
observed to decrease by as much as a factor of two under the
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radiant exposure. While not reproduced here, data was also
presented on the cable temperatures at ignition and heat
flux and temperature conditions in the test enclosure during
the tests.

Also reported in the FY84 report from LLNL are the results
of fire tests on a particular type of coaxial cable used
extensively in the LLNL computer network.[44] This cable
"has an o.d. of 13 mm with a polyethylene jacket, solid
aluminum shielding, and a foamed polyethylene dielectric."®
During fire tests similar to those described above "the cable
ignited quite readily, produced rapid flame spread, but then
some sections began to explode violently. This phenomenon
enhanced the burning, which in turn accelerated flame spread
and the production of molten, flaming polyethylene. The
explosions were caused by pressure produced by melting and
vaporizing polyethylene confined within the solid alunminum
shielding by the nonmolten polyethylene. Results from these
experiments show that this cable type should be well-
protected from source of 1ignition wherever it 1is used.®
These results also show that unexpected results can be
produced by seemingly similar cable 1insulation formula-
tions through mechanisms related to the physical character-
istice of the cable construction. Such effects make it dif-
ficult to extrapolate the results for tests on one type of
.cable to a "similar" cable type as it broadens the require-
ments for declaring a cable to be "similar" to that for which
results may be available.

2.2.3 Testing by Factory Mutual Research Corporation

Factory Mutual Research Corporation (FMRC) has conducted a
number of large-scale (the investigators refer to these tests
as intermediate-scale) cable fire tests. These large-scale:
cable fire tests have primarily focused on the suscep-
tibility of cable tray installations to ignition, the detec-
tion of cable fires, and the effectiveness of water as a
cable fire suppression agent. This section will focus on
these FMRC 1large-scale cable fire tests and a subsequent
analysis of those tests by B. T. Lee of the National Bureau
of Standards.[21]

The large-scale cable fire tests at FMRC were conducted as a
part of an overall study of cable flammability characteris-
tics sponsored by the Electrical Power Research Institute
(EPRI). During the first part of this test program 17 cable
tray fire tests were conducted.[56] Each of these tests
utilized a cable tray configuration composed of 12 fully
loaded horizontal trays in two stacked tiers. 1In the final
three tests of this initial series an additional two verti-
cal trays were added to the configuration. Several sizes of
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cable with three types of jacket material were tested. Seven
of these tests were free-burn tests while the remaining ten
were water extinguishment tests. During a second part of
this test program an additional four tests were conducted
using a similar array of 12 horizontal cable trays with an
additional 1loading of 3, 3, 4, and 9 vertical cable trays
and 0, 0, 1, and 2 horizontal trays near the celiling of the
enclosure respectively.[57]

Figure 22 shows a schematic representation of the test
enclosure used in all of these tests. As an example, the
experimental setup used in Test 3 of the second series is
shown in Figure 23. The other tests all had similar test
setups differing only in the number and placement of the
vertical and near-ceiling horizontal cable trays.

An extensive array of ‘thermocouples and bi-directional
velocity probes was constructed directly above the cable
trays in each test (although very little of the data gathered
is actually reported). The data from these probes were uti-
lized in a plume integration scheme to. estimate the con-
vective heat release rate for each of the test fires. Data
from a radiometer located 14.5 ft (4.42 m) above the floor
and 65.6 ft (20 m) away from the fire was used to estimate
the radiative heat release rate of the fire. An estimate of
the actual total heat release rate of the fire can be
obtained from the sum of these two measured components. It
is stated in the report that the convective heat release
rates are "suitable for use in a relative study of fire
intensity. It is not intended to be used in studies that
require an exact value" (Reference 22, page 5-3). This was
apparently due to large uncertainties in the results obtained
.using the plume integration scheme. For the second series
of 4 tests this data was not presented.

No gas analysis equipment was reportedly utilized in any of
these tests. For each of the first 17 tests the combustible
fuel weight, temperature above the fire, and the radiative
heat release rates were plotted as functions of time. Also
presented was a chronology of observations made during each
test and schematic representations of the post-test extent
of visible fire damage in each tray.

For the remaining four tests the ceiling temperature above
the fire and the time various detectors and sprinklers
actuated were reported along with a post-test assessment of
the extent of fire damage for each test. The estimated
actual total heat release rates for tests 2 and 3 of the
second series were also reported as shown in Figure 24.
These estimated heat release rates "are based on the actual
heat of combustion for PE/PVC cable, the mass loss rate data,
and analysis of the intermediate-scale cable fire test data"
(obtained during the first series of 17 tests).
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No mention was made by the authors of any attempt to convert
the mass -release rate data into total heat release rates
through actual heat-of-combustion values for any of the other
tests. However, in a subsequent effort B. T. Lee of the
National Bureau of Standards [21] attempted to establish
correlations for the mass release rates to be expected for
this particular cable tray array using the data from the 10
extinguishment tests of the first series of 17 tests as
reported by Sumitra.[56]

Lee established a correlation between mass release rate and
area of 1involvement for the PE/PVC cables as shown in
Figure 25. This correlation was established using the
reported burning rates at the time of suppression initiation.
The area of involvement was determined by summing the top
and bottom areas of post-test cable damage. This method
implies an assumption that once water application was
initiated significant spread of visible fire damage was
halted. This assumption would appear valid based on the
reported times to total extinguishment following initiation
of suppression. Lee also used these involvement areas and
the times at which suppression was 1initiated to establish a
correlation between the area of 1involvement and time of
burning for each of the three cable types tested as shown in
Figure 26.

Lee also attempted to separately convert both the mass
release rates and the areas of involvement into heat release
rates using small-scale tests results reported by
Tewarson.[31] The mass release rates were converted using
the actual heat of combustion for the cables. The areas of
involvement were independently converted wusing the heat
release per unit area at an exposure heat flux of 60 kW/m2
values reported by Tewarson.[31] Lee found that the mass
loss-based heat release rates were consistently 45 percent
lower than were the area of involvement based values. Lee
offers no explanation for this observed discrepancy.

This discrepancy can be accounted for based on other small-
scale test results. As noted above the values of heat
release rate per unit area of involvement reported by
Tewarson and used by B. T. Lee were obtained at an exposure
level of 60 kwW/m2. In other works, Tewarson [30] and
J. L. Lee [32] have demonstrated a 1linear relationship
between the exposure heat flux and the rate of mass release
per unit area for many materials including cable insulation
(as discussed above in Section 2.1.2). Should the exposure
conditions in the large-scale cable tray tests have been
different than those used in obtaining the small-scale test
results used by B. T. Lee, one could expect significant
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error to result in any area of involvement based heat
release rates. The mass-based heat release rates, however,
would remain relatively wvalid as the actual heat of
combustion has not been observed to vary significantly with
exposure heat flux under open flaming conditions.

An alternative method for utilizing this information on the
area of involvement and mass release rate was utilized as a
part of the present work. This method was used here to cal-
culate the exposure conditions in the large-scale tests based
on small-scale test results. The first step in this process
is to establish the mass release per unit area versus
exposure heat flux relationship for the PE/PVC cables.
J. L. Lee [32] reported a critical exposure heat flux for
initiation of degradation of 18 kW/m2. Tewarson [31]}
reported a mass release per unit area of 24 g/s/m2 at an
exposure of 60 kW/m2. It should be noted that both of
these test results were obtained from the FMRC small-scale
test apparatus (described above) using samples of cable
identical to the cable used in the large-scale tests. Using
these two data points (and assuming a linear relationship
such as that shown in Figures 7 and 8) the relationship
shown in Figure 27 is established.

The spacially averaged mass flex rate was calculated using
the mass release rates at time of extinguishment reported by
Sumitra and the areas of involvement calculated by
B. T. Lee. The actual (spacially averaged) exposure heat
flux incident on the cables for each of the extinguishment
tests involving PE/PVC cables was then estimated through use
of Figure 27. Figure 28 presents these estimated exposure
levels plotted versus the area of 1involvement. This plot
jllustrates a trend towards higher exposure levels for higher
areas of involvement. This is as would be expected as the
fire intensity generally grows with increased area of
involvement. The plotted line is based on a linear regres-
sion of the data points. Also note that these calculated
values are much lower than those implicitly assumed by Lee
in estimating the heat release rate based on the area of
involvement. Caution should be used in extrapolating these
values to other cable types and other cable tray configura-
tions.

It is also possible to obtain a relative assessment of the
heat release rate versus time for each of the first 17 tests
based on the data presented by Sumitra [56] and actual heat-
of -combustion values reported by Tewarson.[31] Sumitra has
presented a chronology of fire events for each of the tests.
For the free-burn tests the data reported includes an
assessment of the time at which the fire reached a "steady
state" condition, the length of time steady state
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appeared to last, the average mass release rate over this
period, and the total mass consumption throughout the test.
The time to fire burnout was often difficult to assess for
the free-burn tests due to the accumulation of smoke in the
test enclosure. For the extinguishment tests the time of
water application, the mass release rate at the time of water
application, the total mass loss up to time of water appli-
cation, the time to extinguishment, and the total mass loss
throughout the test are reported.

Using this information, the curves in Figures 29 and 30 were
developed as part of the present work. These curves assume
a linear growth rate to time of either water application or
the observed onset of steady state. For the free-burn tests
a constant heat release rate is assumed for the observed
duration of the steady state burning as reported by
Sumitra. This is followed by a linear decline to burnout.
For the free-burn tests the smoke in the enclosure typically
obscured the view of the fire, making it difficult to
determine the actual time of fire burn out. For the assumed
free-burn profiles, the estimated time of burnout is based
on matching the integrated mass release for the assumed
profile to the total mass release ohserved during the test.
For the extinguishment tests, a linear decline from
application of water to the observed fire burnout is assumed.

While these plots suppress the transient nature of the real
fires and can not be assumed to accurately reflect the true
fire behavior, they do provide an assessment of the relative
magnitude and duration of cable tray fires involving an
unqualified high risk cable in a typical, though 1limited,
installation configuration. They also provide insight into
the effectiveness of water suppression on cable tray fires
of various magnitudes. Caution must be exercised in extrapo-
lating these results to other cable types and other cable
configurations.

It is also possible to compare the peak heat release rates
calculated as a part of the present work based on the mass
release rates and small-scale test results as described above
with those based on measurements made during the tests and
reported by Sumitra. Table 20 summarizes these values.
Radiative and convective fractions of the actual heat release
rate reported .by Tewarson [31] were used to estimate the
relative levels of these forms of heat release for the
mass-based actual heat release rates. In all cases other
than Test 1 the mass-based heat release rates calculated in
the present work are significantly higher than those
reported by Sumitra. There are several identifiable factors
which may have contributed to this discrepancy.
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With respect to the mass-based values calculated as a part
of the present work, the small-scale test heat-of-combustion
results may not accurately reflect the behavior of the cables
in a large-scale fire. Due to the large areas of involve-
ment, certain portions of the cable trays may have been sub-
jected to depleted oxygen levels. This could have resulted
in a decrease in the efficiency of burning, and hence, a
decrease in the actual heat of combustion. This would tend
to imply that the mass-based heat release rates may over-
estimate the actual values, though by how much is not known.

With respect to the measured values of radiative heat release
reported by Sumitra, smoke attenuation may have biased the

measurement. The chronologies presented by Sumitra
repeatedly refer to smoke obscuring the view and making
observations difficult. As mentioned previously. the heat

flux sensor used was located 20 meters from the fire. - While
corrections to the measured values were made for attenuation
due to the presence of water vapor in the air, the assumed
transmittance values used were still very high (0.799 to
0.886). The presence of thick smoke could have reduced the
actual transmittance values considerably causing much of the
heat radiated by the fire to be absorbed by the smoke. This
enerqy absorbed by the smoke not caught up into the plume
would not be accounted for by either of the measurement
techniques used. This would imply that the actual radiative
heat release rates could have been significantly higher than
those reported.

Finally., with respect to the reported convective heat release
rates, as stated by the author these values are considered a
relative measure of the actual values only. This uncertainty
arose from the inherent uncertainties in the plume integra-
tion technique used to obtain the reported values. 1t is
not possible to assess the effects of these uncertainties on
the reported values using the information presented by
Sumitra.

The net effect of these observations would seem to imply that
the true values lie somewhere between the two sets presented
in Table 20.- This exercise serves to illustrate the poten-
tial difficulties which arise from the use of small-scale
test data in predicting large-scale fire test behavior. It
also illustrates the difficulties which can be encountered
in the interpretation of data gathered and reported by
various investigators.

2.2.4 Testing by Bell Laboratory

Bell Laboratory has been engaged in the testing of com-
munication <cable fire behavior using both a Steiner

-31-



Tunnel,[58.59] and a mock-up of typical installations in air
plenums above a drop ceiling.[59) These tests are primarily
intended to provide a comparative measure of cable fire per-
formance. The Steiner Tunnel tests evaluate both the flame
spreading and smoke-evolution characteristics, while the
plenum tests are concerned only with the spread of flames in
a simulated installation situation. The cables tested are
orimarily PVC "which is inherently fire-resistant, (and) is
overwhelmingly the most widely used material for Bell Systenm
(inside) building cables."[59] The effects of air flow rate,
cable size, cable installation practice, and exposure fire
strength have been investigated.

While the results of these tests are primarily qualitative,
there 1s quantitative data reported on the rate of flame
spread under various conditions. Tables 21 and 22 show the
composition of the cable insulations used in the Bell Labs
tests. Figure 31 shows examples of the type of data reported
on flame-spread rates. In these tests, a 4-1/2-ft-long,
300,000-Btu/s/hr (88-kW) flame was used to ignite the cables.
The cables themselves were placed in a horizontal configura-
tion in a Steiner Tunnel. A draught of 240 ft/min was
induced in the tunnel. The results shown in Figure 31 are
those for two different formulations of jacketing material.
The formulation designated J32 has "improved fire retar-
dancy." These results illustrate the importance of cable
jacket formulation on the resulting rate of flame spread and
fire development. No heat or mass release rate information
was reported.

2.2.5 Testing by Lawrence Berkeley Laboratory

In a test program sponsored by SNL and performed at Lawrence
Berkeley Laboratory (LBL), Williamson et al.[60] performed
two electrical cabinet fire tests. It was intended that
these tests provide a preliminary assessment of the poten-
tial severity of environments within control cabinets in the
event of a fire within the subject cabinet or in an adjacent
cabinet.

In the first of these two experiments a single bay cabinet
was used. The cabinet' was 1loaded with only thermocouple
wire and leads with no internal cabinet fuel loading. This
test was intended to assess the environments due to the
exposure fire alone. The exposure fire itself was composed
of two polyethylene trash bags loosely packed with paper in
a 32-gallon polyethylene trash container, plus two cardboard
boxes full of polystyrene foam packing chips. The primary
result obtained from this test and of interest to the present
study was the heat telease rate of the experimental fire
based on oxygen consumption calorimetry as shown 1in
Figure 32. While this test did not involve the burning of
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cable insulation. the heat release rate data is presented
here in order tao show the relative magnitude of the exposure
fire used in these tests. Also collected was data on the
smoke production rate, flame height, and local temperatures.

In the second test the cabinet was divided into two bays
separated by a steel barrier. The right-hand compartment had
a set of ventilation openings in the top and bottom with the
bottom vents exposed to the source fire. The left-hand com-
partment also had ventilation openings, although they were
not exposed to direct contact with the exposure fire. Forty-
eight 1lengths of either PVC or Neoprene-insulated cables
were suspended in the right-hand compartment. In the left-
hand compartment 16 lengths of cable were mounted on the
barrier separating the compartments. The source fire for
this second test was very similar to that in the first test,
except that the polyethylene trash container was somewhat
heavier and loose packed paper was substituted for the poly-
styrene chips in the cardboard boxes. The intensity of this
exposure fire was presumably similar to that shown 1in
Figure 32.

As in the first test, the primary result of interest to the
present study was the determination of heat release rate by
oxygen consumption calorimetry as shown in Figure 33. While
the early stages of the two experiments show very similar
behavior with respect to heat release rate, it is quite
apparent that the burning of the cable insulation material
in the second test contributed more to the total heat release
than 4did the exposure fire. It is also worth noting that
the cables in the left-hand compartment which were not ex-
posed directly to the fire were also consumed by fire during
the test.

The cabinets used in these tests were not typical of those
used in nuclear power plants, nor were the cable configura-
tions typical of common installation practices. Thus caution
should be exercised in extrapolating these results to actual
plant installations. A more in-depth study of electrical
cabinet fires is being conducted at SNL. This test program
is using cabinets representative of actual nuclear power
plant control cabinets, and cable configurations typical of
common installations. At least two types of cable will be
used during the SNL tests. These tests will provide more
information on the burning characteristics of control
cabinets in various configurations and with various fuel
loadings.
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3. CHARACTERIZATION OF FURNITURE FIRES

For certain plant areas, such as the control room, computer
room, and operator lounges, furniture may represent a part
of the fuel loading. -These furnishings will most typically
be similar to those found in office-type settings. For
operator 1lounges 4 certain amount of more plush furniture
such as couches may also be found. The National Bureau of
Standards Center for Fire Research has been engaged in a
number of test programs investigating the burning character-
istics of furnishings.([61-64] The results of these test
programs as they apply to the problem of fire in nuclear
power plants is discussed in this section.

Lawson et al. conducted a series of fire tests sponsored by
the Department of Health and Human Services on various types
of furnishing materials.[61] These tests were primarily
intended ' to provide source term information for use 1in
assessing the fire risk associated with hospital facilities.
Included in this study were tests on eight different patient
waiting chairs. While these chairs are not entirely typical
of office-type furnishings they are similar in many respects.
These tests do provide some insight into the characteristics
of fires involving chairs such as one might £ind in a nuclear
power plant control or computer room.

Table 23 describes the chairs tested by Lawson. Table 24
sunmmarizes the test results for each of these chairs. In
Figures 34, 35, and 36 three of the most typical office-type
chair configurations and the heat and mass release rates for
those chairs are presented in more detail.

In a similar effort Babrauskas conducted a series of fire
tests 1involving 1larger upholstered chairs and sofas.[62]
The primary result of interest to the present work is that
Babrauskas developed a correlation with which to predict the
peak heat release rate for upholstered furniture fires. This
correlation is described in Figure 37. Figure 38 shows a
comparison between the values obtained using this correla-
tion and those obtained during the actual fire tests. The
author does point out that this correlation is valid "only
for estimating the behavior of pieces generically similar to
the ones included in the testing program. Thus single-piece
molded chairs, bean-bag chairs, built-in furniture and other
specialty items are not included." The correlation does
appear to work well for free-standing padded wood and foan
frame chairs and sofas. The author also points out that the
time to peak heat release rate wWill be dependent on the
ignition source while the value of the peak heat release rate
can be considered independent of the ignition source provided
ignition is achieved.
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4. CHARACTERIZATION OF LIQUID FUEL FIRES

4.1 Introduction

One of the major transient fuel sources commonly found in
nuclear power plants as described by Wheelis [3] were a
variety of flammable liquids. Fires involving these flam-
mable liquids will fall into one of two classifications. If
the liquid is contained in an open container or has spilled
onto a surface then a pool fire will result. Alternately, a
spray fire could result from a ruptured fuel or hydraulic
line. These two types of fires are discussed in the sections
which follow.

A large number of studies have focused on investigating the
characteristics of pool fires. The characteristics which
have been 1investigated and which are of 1interest to the
present review are the growth of an unconfined liquid spill,
the flame height of an open pool fire., the heat and/or mass
release rate of a pool fire as a function of the pool size
and fuel type. and the convective and radiative fractions of
the heat release. Much data of this type has already been
presented through earlier discussions regarding test efforts
at Factory Mutual Research Corporation (see Section 2.2.3,
Fiqure 7, and Tables 7 through 11).

Pool fire research efforts have resulted in a variety of pool
fire burning correlations.[19,21,65-71] The general consen-
sus among fire researchers appears to be that pool fire
burning for many common flammable liquids is reasonably well
understood, and that prediction of pool fire burning rates
to within practical engineering accuracies is possible based
on certain fundamental fuel parameters. While pool fire
research continues this 1is perhaps the most thoroughly
researched and the best understood of fire phenomena.

For a more complete treatment of pool fire burning charac-
teristics the reader is referred to a work by Hall.[19]
This work presents a comprehensive treatment of the phenomena
involved in the burning of a liquid pool. The findings of
Hall's review will be discussed below as appropriate.

The second form of 1liquid fuel fires, spray fires, has not
been as thoroughly researched, and hence, is not as well
understood. Some data does exist on the burning of high
pressure hydraulic fluid sprays. This data will be discussed
in Section 4.4 below.

4.2 Estimating Pool Fire Burning Rates

One of the commonly encountered methods of expressing the
burning rate of a 1liquid fuel is in terms of a surface
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regression rate. These values take the form of a linear
velocity which describes the rate of consumption of fuel in
terms of the depth of fuel consumed per unit time (typically
in the range of 0.5 to 20 mm/min). These values, however,
can be very deceptive. Blinov and Khudyakov [65] observed
that pool fire behavior was dominated by one of three fluid
flow regimes, depending primarily on the diameter of the
pool. For very small pools, on the order of 10 mm, laminar
flow dominates. At about 30 mm diameter pulsations in the
flame zone can be observed indicating the onset of a tran-
sitional regime. At diameters larger than 1 meter turbulent
flow dominates.

Hall presented a plot of the linear fuel consumption rate
versus pool diameter for a variety of liquid fuels using data
from a number of sources.[19] This plot 1is shown in
Figure 39. This plot illustrates that in the laminar flow
regime the linear consumption rate decreases with increasing
pool diameter until a minimum is reached at 5S0- to 150-mnm
diameter (depending on the fuel). In the transitional and
turbulent regions this consumption rate increases again until
a constant value is reached for pools about 1 meter in
diameter and larger.

As can be seen from this plot, extrapolation of a single
experimental data value of the linear consumption rate to
general pool sizes can result in very significant error.
Depending on the size of the pool used to obtain the data
and on the size of the pool for which one is attempting to
obtain an estimate of the burning rate, one could under or
overestimate the actual consumption rate by as much as an
order of magnitude. Single value linear consumption rates
do not account for the behavior illustrated in Figure 39.

Also presented in Figure 39 are the flame-height-to-pool
diameter ratios versus pool diameter. This ratio is observed
to decrease monatomically with increasing pool diameter and
does not show the complex type of behavior that the linear
fuel consumption rate does.

For large pool fires, where large is defined in this context
as a pool whose diameter is greater than 0.2 meters, the
fluid dynamics are dominated by the transitional and turbu-
lent flow regimes. As shown in Figure 39 the linear burning
rate (and hence the mass flux leaving the pool surface) is
observed to increase with pool diameter asymptotically to a
constant value at around 1.0 meters diameter and larger.

Zabetakis and Burgess first proposed a correlation for
characterizing this behavior.[66] Subsequently, Babrauskas
investigated this correlation using data from a variety of
sources.[67] Figure 40 presents the recommended correla-
tion. The values for the required parameters for a variety
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of common 1liquid fuels are presented in Table 25. This
table was compiled by Babrauskas based on studies by various
researchers. Figure 41 presents a comparison of predictions
based on the correlation to actual experimental data for two
fuels.

Once the mass flux is determined, the resulting heat release
rate can be estimated based on the area of involvement and
the heat of combustion of the fuel. In using heat-of-
combustion values one must take care to distinguish between
the total heat of combustion (such as that obtained from
bomb calorimeter testing) often reported in material property
tables, and the actual or lower heat-of-combustion values
often reported by fire researchers. Actual or lower heat-of-
combustion values are obtained from actual fire tests and
imply that a realistic burning efficiency 1is already
accounted for. In using total heat-of-combustion values the
user must assume a burning efficiency and reduce the calcu-
lated heat release rate accordingly. Note that the heat-of-
combustion values compiled by Babrauskas and reproduced in
Table 25 are total heat of combustion values.

Presented in Tables 7 through 11 are various 1liquid fuel
pool fire properties as determined by researchers at Factory
Mutual Research. The data in these tables 1includes total
and actual heat-of-combustion values., convective and radia-
tive fractions of heat release, products of combustion carbon
distribution information, and heat generation values for use
in oxygen consumption and carbon dioxide generation calorim-
etry methods.

4.3 Ignitability of High-Fire point Liquid Fuels

Modak, of Factory Mutual Research, conducted a study inves-
tigating the 1ignitability of high-fire point hydrocarbon
0ils.[71) A high-fire point fuel is a fuel which must be
‘raised to temperatures much higher than ambient before igni-
tion can be achieved. Five high-fire point lubricating or
hydraulic oils were exposed to various heat flux and/or flame
sources in order to assess the ignitability of these fuels.
The investigation was undertaken in order to determine under
what circumstances a spill of such fluids would result in
their ignition.

The fuels tested were:
- #2 fuel oil
- #6 residual oil

- Mobil DTE 797 turbine lubricating oil
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- Pennzoil 30-HD motor oil
- Tyrquel 220 hydraulic control fluid

Table 26 gives the critical fire temperatures for each of
these fuels. These fuels were tested on three surfaces:

- 21 MPa (uncoated) concrete with a float finish
- 21 MPa concrete with a 0.4-mm epoxy coating
- AISI C 1018 cold rolled steel

In a large-scale test five open O.2-meter-diameter buckets,
each containing a sample of one of the five fuels were placed
around the perimeter of a l.2-meter-diameter heptane pool as
shown in Figure 42. (It is worth noting that using the
correlation presented 1in Figure 40 and actual heat-of
combustion values for heptane from Table 7, the heat release
rate of the heptane pool is estimated at 2.5 MW.) Table 26
shows the times required to achieve ignition for each of the
fuel samples. None of the fuel samples ignited in less than
2 minutes. The estimated heat flux exposure levels were
20 (+5) kW/mZ.

In further tests both deep and shallow pools of each of the
five fuels were subjected to simulated exposure to weld
splatters and to an oxyacetylene torch flame. Weld splatters
were simulated by the melting of a 13x3-mm steel rod over a
period of 60 seconds with the molten metal allowed to fall
into the o0il pools from a height of 0.5 meters above the
pool surface. -Subsequently, an oxyacetylene torch flame was
played for 15 seconds directly on the pool surface. In no
case was a sustained fire achieved.

Modak also investigated the depth of an unconfined spill of
each of the fuels. The results showed that the spill depth
was independent of both the size of the spill and the surface
onto which it was spilled. Table 27 gives the reported
spill depths.

Concern was expressed by the investigator that power plant
risk analyses often assumed that a spill of flammable liquids
has occurred under or near a set of cables and that the
liquid has been ignited. Often the fuel of concern is a
high-fire point fuel. In these analyses it is often assumed
that a fully developed pool fire results with no considera-
tion given to how it was ignited. The investigators concern
was that this assumption was overly conservative as these
high-fire point fuels require rather intense heat exposures
to achieve sustained ignition and that such exposures could
only result from fires which in and of themselves would
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represent significant hazards. This argument only applies
to high-fire point 1liquids. Volatile 1liquids such as
cleaning solvents, heptane, some alcohols, gasoline, and
others which have firepoints below or somewhat above ambient
temperatures are much more easily ignited.

Modak also performed a number of small-scale tests in which
samples of each of the five fuels were subjected to known
heat fluxes while monitoring the fuel surface temperature.
A theoretical model of the temperature response was developed
and presented. Due to its complexity this model will not be
presented here. The reader is referred to Modak's paper for
the details of this model. ’

4.4 Characterization of Hydraulic Fluid Spray Fires

Roberts and Brookes, of the Explosion and Flame Laboratory,
U.K., developed a test method for characterizing the burning
of high-pressure fluid sprays.(72] Under this method a
high-pressure spray is introduced into a chamber and ignited.
The temperature rise of the air passing through the chamber
and out the stack, and the thermal radiation emitted by the
flame, are monitored. This data yields estimates of the
convective and radiative heat release rates respectively.
Tables 28 through 30 show the results obtained for five
types of hydraulic fluid. Note that the values in Table 30
provide an estimate of the efficiency of burning in this
mode.

Kanakia et al., of South-West Research Institute, reviewed
flammability test methods for hydraulic fluids with the goal
of proposing a standardized test procedure.[73] While no
data of the type sought here is presented, this paper does
provide insights into the potential pitfalls which may be
encountered during spray fire testing. Kanakia was particu-
larly concerned with the effects of uncontrolled droplet size
in spray tests.

5. CHARACTERIZATION OF WOOD AND WOOD PRODUCT FIRES

Chamberlain performed an extensive review of the heat
release rate properties of wood and wood-based materials.([18]
The reader 1is directed to Chamberlain's work for a complete
treatment of the subject. For illustrative purposes some of
Chamberlain's findings are presented here. Also presented
in this section are some of the findings of Lee's review
[21] which deal with the spread of fire over wood surfaces.
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Figures 43 and 44 present the heat release rate per unit
area of 1involvement for a variety of wood-based materials.
These plots show values for the peak, first one-minute
average, first five-minute average, and the first ten-minute
average heat release rates at an external exposure level of
60 kW/m2. It is 1interesting to note that the material
density appears to present a good parameter against which to
correlate these materials.

Chamberlain's work also considered the effects of moisture
content, incident heat flux, fire-retardant treatment, and
other physical properties on wood fire characteristics. Some
of this data is summarized in Tables 31 through 34. For a
more complete description of this data, refer to the
original document.

Lee's review [21] also considered the combustion of wood
products. Lee's treatment focused primarily on correlations
for estimating the rate of spread of fire over wood surfaces.
The correlation 1illustrated in Figure 45 along with the
parameter values given in Table 35 were developed by
Quintiere and Harkleroad {74] and are recommended by Lee for
use in predicting flame-spread rates over wood-based
materials. Once the area of involvement is established the
data presented by Chamberlain can then be used to estimate
the total heat release rate.

6. CHARACTERIZATION OF TRASH AND GENERAL REFUSE FIRES

6.1 Introduction

A number of test programs have investigated the burning
characteristics of trash and general refuse fuel sources.
These investigations are typically intended to provide igni-
tion source characteristics for use in the fire testing of
other types of fuel packages. It is typically desired that
a fuel package such as a chair, wall finishing material, or
cable tray array be exposed to a credible ignition source in
order to assess its fire behavior under realistic ignition
conditions. Thus these "credible" sources have typically
been examined in fair detail with several aspects of the fire
considered. As these fires are also relatively small in both
size and intensity they are much more easily monitored than
are large complex fuel arrays such as cable trays and even
furnishings.

In the sections which follow, a number of trash fire studies
will be discussed. Also to be discussed will be Lee's
treatment of trash fires [21] in which correlations for
various trash fire test results were obtained.
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6.2 Trash Fire Testing by LBL

One source of information on the burning of trash fires is a
study by Van Volkinburg et al.,[75] at Lawrence Berkeley
Laboratory. This study was primarily concerned with the
development of a standard gas burner for use 1in fire
testing. During the course of this study a variety of trash
and wood crib fire tests were conducted in order to conpare
the gas burner fire to typical trash fire sources. Data
reported 1include the total rate of heat release, flame
height, and enclosure ceiling temperature. Figures 46(a)
through (i) present descriptions of each of the test fuel
sources and the reported data for each test. Figure 47
presents a compilation of the heat release rate curves for
all of the tests. '

It should be noted that the material used to £ill the rubbish
containers and trash bags represent very conservative fuel
loadings (i.e., the fuels burned very intensely when compared
to other trash fuel 1loadings). In particular, the waste
containers were filled with pint sized plastic coated milk
cartons half of which were opened at both ends and placed
vertically in the container and half of which were torn into
small pieces and placed inside the opened cartons. Thus,
each of the opened cartons formed a small, fuel-packed
chimney. This configuration resulted in very rapid growth
of the fire within the fuel package and very high peak heat
release rates when compared with the results of other tests.
These fuel configurations cannot be assumed to reflect those
one would expect to find in a nuclear power plant setting.
These test results should be considered to represent an upper
bound to fire intensity for this type of fuel package.

6.3 Trash Fire Testing by SNL

Sandia National Laboratories (SNL) has also conducted a
nunber of ignition source fire characterization tests. The
first such series of tests was performed in conjunction with
the 20-ft separation tests, mentioned above (see Section
2.2.1), in order to compare the 1intensity of heat flux
exposure levels due to the heptane pool used in the
full-scale tests to those due to typical trash fires.[48]
Table 36 provides a description of each of the 12 tests con-
ducted during this test series. Figure 48 shows the
measured total heat flux delivered to a calorimeter located
4 feet from the fire source. The calorimeters were
aspirated and had a 180 degree field of view. Due to the
high ventilation rate used smoke obscuration was minimal.
Fiqure 49 shows the estimated peak heat flux which would
have been delivered to a target as a function of the
separation distance from the source fire. These estimated
values were calculated based on the measured values
presented in Figure 48.
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The data gathered and reported as a part of the Ignition
Source Fire Tests included the oxygen depletion levels in the
test enclosure. IHowever, subsequently identified problems
with the test setup have indicated that these values are in
significant error. The oxygen concentration values reported
by Cline [48] are considered to significantly underestimate
the actual 1levels of oxygen depletion during these tests.
It is therefore inappropriate to attempt to use these values
to estimate the heat release rates of the test fires. These
problems were corrected prior to subseguent test efforts.

In a more recent test series nine "typical" trash source fire
tests were conducted. The findings of this test series are
documented in a report by Nowlen.[7§] Table 37 presents a
description of each of the test fuel sources. Figures 50(a)
through (e) show the heat release rates based on oxygen con-
sumption for each of the test Eires (as noted above the oxy-
gen measurement problems were resolved and calibration data
is available for the fire test Efacility -used). Data was
also gathered on the flame height, flame temperature, heat
fluxes, and mass loss rates.

6.4 Predictive Correlations for Trash Fires

Lee [21] of the National Bureau of Standards Center for Fire
Research (NBS-CFR) reviewed the data available for the
burning of trash fires. Using data from the UCB/LBL tests
{75)] and the SNL Ignition Source Fire Tests [48] (both
described above) and additional data on the burning of piles
of clothing from a test program at the NBS-CFR, [77] Lee
attenpted to oabtain predictive correlations for the burning
of trash fire sources.

Lee attempted to correlate the peak heat release rate per
unit area of exposed surface area of a trash fire source to
the effective diameter of the fire. Figure 51 presents the
results. Lee took the exposed surface area to be the sum of
the top and side areas of the fuel source. In Figure 52 the
peak heat release rate for the trash fires is plotted versus
the effective diameter of the fire as a function of the
estimated fuel packing density. Figure 53 presents an
envelope which Lee observed to encompass all of the data
considered. Lee suggests that Figures 52 and 53 can be used
to predict the burning behavior of a trash fire source recog-
nizing certain limitations.

The author points out that the data is rather sparse so that
the correlations are not well characterized. This makes
extrapolation of these correlations to other cases difficult
and somewhat uncertain. The plots also suffer from the
problems associated with reported oxygen depletion values
which resulted in the under-prediction of the SNL Ignition
Source fire heat release rates. However these plots do
provide a foundation upon which to build.
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7. CONCLUSIONS

This study identified:  eight major categories of fuel types
which were of concern when considering the problem of fires
in nuclear power plants. The dominant combustible fuel
source identified 1is <cable insulation materials. These
materials will be found in cable trays and electrical cabi-
nets throughout most plant areas. Another fuel type identi-
fied which could in and of itself represent a significant
hazard is combustible 1liquid fuels such as diesel generator
fuels and various lubricating fluids. The presence of these
liquids could result in either a pool or high pressure spray
fire. Other fuel sources 1identified, both in situ and
transient, such as trash, wood., furniture, clothing disposal
bins, and paper documentation, will most likely not present
significant hazards in and of themselves. These fuel types
will, however, represent potential exposure-ignition sources
for the cable insulation materials and hence should not be
discounted. ‘

When considering the fire behavior of cable insulation
materials one will f£ind that most of the quantitative infor-
mation available on these materials has been obtained from
small-scale tests. Data of this type reported by researchers
at Factory Mutual Research is generally the most complete and
reliable available. Small-scale test data has yet to be
fully validated., and questions still remain as to whether or
not small-scale test responses are consistent with full-scale
fire exposure behavior. In some cases, such as time to
ignition, good correlation between large and small-scale
results has been noted. 1In other cases, such as heat release
rate and rate of flame spread, insufficient data exists to
assess the accuracy of small-scale results in the prediction
of full-scale fire behavior.

This lack of sufficient validating data is due to the fact
that full-scale tests on cable and cable tray fires have to
date not addressed the issues of fire intensity and fire
spread in more than a superficial way. This lack is primar-
ily due to the fact that detailed characterization of the
fire 1itself has not been the purpose of most of the
large-scale cable fire tests run to date. Large-scale cable
fire tests have typically been concerned with the effective-
ness of detection and suppression systems rather than fire
characterization. Some large-scale cable fire test data on
heat release rate and mass release rate, is available
primarily from the FMRC/EPRI cable tray fire test series.
This type of data is  useful though extrapolation to cable
types and configurations different from those tested is a
‘difficult and uncertain proposition at best.
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Due to the large number of cable types available and the
expense involved in large-scale fire testing it is simply not
practical to test every type of cable in a full-scale con--
figuration. Hence, should further fire characterization
testing be undertaken effort should focus first on
large-scale cable tray fire tests which can be used to val-
idate the small-scale test results. Such large-scale tests
should be conducted in a manner such that adequate results
are obtained for the validation of fire spread, mass release
and heat release data obtained in small-scale tests. The
large-scale cable fire tests being conducted at Lawrence
Livermore Laboratories are designed to meet this need for
vertical cable configurations.

This validation will be dependent, at least in part, on val-
idation of computer simulation models which are based on
fuel parameter values obtained primarily from small-scale
tests. This would include zone models, field models, and
"submodels" of cable tray fires such as those developed by
Woollerton,[78] Hunter,[79-81] and Clarke.[82] Data will be
needed on both a global and a local scale (where possible)
so that models of fire growth and spread can be validated on
both a global and local level. The state of deterministic
modeling of fire development is advancing at a rapid pace.
However, the results obtained wusing computer simulation
models have not been adequately validated for nuclear power
plant type situations due to the lack of adequately
instrumented full-scale fire tests.

Waen considering the transient fuel sources reported in
nuclear power plants, one finds that a fair amount of gquan-
titative data 1is available for several typical fuel types.
On2 of the most thoroughly researched areas of fire phenom-
ena is that of liquid fuel pool fires. A large base of data
axists on bLoth the fundamental fuel properties of 1liquids
and on p»redictive correlations for pool fire burning rates.
For 1liguid fuel spray fires a much smaller base of data is
available. More research 1is needed in the area of spray
fitres. flowever, in the fire research community no clear
consensus nas appeared as to appropriate methods for the
testing of spray fires.

A number of tests have been performed to characterize the
type of fires one can expect from small to moderate quanti-
ties of trash. The information available on this type of
exposure fire is probably adequate to meet current needs.
While further test data would be useful, particularly in
refining correlations such as those proposed by Lee [21] for
the burning of trash sources, testing of small trash fuel
packages should not be considered a major need or priority
in fire characterization testing.
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There is a lack of data available for exposure-ignition
source fuel packages other than small to moderate quantities
of trash. Such items as storage racks and disposal hampers
used for anticontamination protective clothing have not been
tested for fire behavior. There is also a lack of quantita-
tive data on the burning of paper documentation procedures
manuals, storage racks for computer discs, and drawing racks
which could be found in plant computer and control rooms.
For most common instances of such fuel packages the resulting
fires would be expected to be relatively small. Hence one
would expect these fuel sources to represent exposure
ignition sources for other materials rather than significant
hazards in and of themselves. This may not be true for all
situations depending on the quantity and confiquration of the
fuel package.

Another fuel source common to computer and control rooms is
furniture. The National Bureau of Standards Center for Fire
Research (NBS-CFR) has conducted a number of test programs
investigating the fire Dbehavior of various types ©of
furnishings. The furnishings tested range from office-type
furniture to residential furniture. Various wall, floor, and
ceiling finishing materials have also been tested. The
NBS-CFR effort has also resulted in correlations for the
prediction of peak heat release rates to be expected for
certain common types of chairs. The available data on fur-
niture fires is adequate to meet current needs as related to
nuclear power plant fire analysis.
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Figure 1: Histogram showing amounts of oil typically reported
as transient combustible fuels in NPP inspection
reports [Reference 3]
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Table 1:

Number

10
1
12

11
14

15
16

17

18

19

20

21

22

%Generic class as given by the suprliers.

b

Insulation/
Jacket Mate- Insulation Jacket Materials
Conduyctor Outer Cable rials (A of remaining as char {8 of
ln:ulation/Jscket KNo. Size Diameter total cable initial wt. of insulation/
Materials (AWG) in. (m) weight jacket materials)
Polyethylene (PE)/No Jacket
Low density PE 1 14 0.128(0.00)) 2.9 0.10
{R4PE), no jacket
Polyethylene/Polyvinyl chloride (PE/PVC)
PE/PVC 1 - 0.945(0.024) 15.6 21.9
PE/PVC 1 12 0.164(0.004) 26.5 0.6
PE/PVC 3 - 0.438(0.011) 43.9 20.8
PE/PVC H] - 0.748B(0.019) 51.0 25.6
PE/PVC 12 - 1.000(0.025) 52.8 24.4
Polyethylene, Polypreopylene/Chlorosulfonated Polyethylene (PE, PP/CLeS+PE)
PE,PP/CLeS*PE 1 - 0.445(0.011) 23.2 ' 4.6
(silicone coating)
PE,PP/FRCI'S'PEb 1 6 0.368(0.009) 40.2 46.4
PE,PP/CL*S*PE 1 12 0.1921(0.005) 42.9 45.6
PE,PP/CLeS*PE -] 14 0.668(0.017) 7.1 48.3
PE,PP/CR*S*PE 2 16 0.426(0.011) 77.4 40.5
Cross~Linked Polyethylene/Cross-Linked Poyethylene (XPE/XPE)
XPE/PRXPgb 3 12 0.458(0.012) 6l.4 44.9
XPE/XPE 2 14 0.377({0.010} 73.5 -
Cross-Linked Polyethylene/Chlorosulfonated Polyethylene (XPE/CR*SYPE)
FRXPE/C!'S'P;b 4 16 0.368(0.009) 56.2 29.5
XPE/CR*S*PE 4 16 0.442(0.011) 62.1 al.o
Cross Linked Polyethylené/Neggggne (XPE /Neo)
XPE/Neo 3 16 0.369(0.009) 73.2 43.9
XPE/Neo 7 12 0.630(0.016) 53.6 -
Polyethylene, Nylon/Polyvinyl chloride, Nylon (PE, Ny/PVC, Ny)
PE, Ny/PVC, Ny 7 12 0.526(0.013) 39.9 -
PE, Ny/PVC, Ny 7 12 0.520(0.013) 43.5 -
Teflon
Teflon 34 - 0.516(0.013) 48.9 3.9
Silicone, glass 1 - 0.363(0.009) 4.0 -
braid
Silicone, glass 9 14 0.875(0.0227 10.5 59.4
braid/asbestos

FR - with fire retardant chemical
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‘Physiéal properties of cables used in FMRC small-
scale characterization tests [Reference 31]

IEEE-38)
Rating

Fail
Fail

Pass

Pass
Pass
Pass

Pass

Pass

Pass

Pass

Pass

Pass

Pass

Pass

Cable samples belonging to similar generic class may not be
similar because of different types and amounts of unknown additives in the cable samples,.



Table 2: Heat of combustion values for cables tested in FMRC
small-s¢ale apparatus including breakdown of
convective and radiative portions of heat release
[Reference 31]

AVERAGE PEAK VALUES OF HEAT OF COMBUSTION OF CABLE. SWI,.ES.

Cable Sample Heat of Combustion (kJ/g}
Actual Convective Radiative

L4PE (grlnull!)b 32.1 11.2 21.0
2aPE (#1) 31.3 11.6 19.7
PE/PVC (#3) 30.8 18.3 12.5
PE, PP/CL*S*PE (#8) 29.6 15.8 13.9
XPE/FRXPE '(#13) 28.3 12.3 16.0
PE, PP/CL*S*PE (#11) 26.8 17.0 9.8
PE/PVC (#4) 25.1 11.1 14.0
Silicone, glass braid (#21) 25.0 17.5 7.3 °
Silicone, glass braid/asbestos (#22) 24.0 20.0 4.0
PE/PVC (#5) 24.0 13.6' 11.0
Nylon (granullz)b 22.4 8.7 13.7
PE/PVC (#6) 22.0 14.0 8.1.
PE/PVC (#7) 20.9 10.7 10.2
PE,PP/CR*S*PE (#10) 19.0 12.3 6.7
PE/25ACR (granular)® 18.1 6.2 11.9
PE,PP/CL*S*PE (#12) 17.4 6.6 10.8
FRXPE/CL*S°PE (#15) 17.3 7.5 9.8
XPE/CL*S*PE (#16) 13.9 9.2 4.7
XPE/Neo (#2) 12.6 5.9 6.7
XPE/XPE (#14) 12.5 7.5 5.0
XPE/Neo (#17) 10.3 4.9 5.5
PE-Ny/PVC-Ny (#18) 10.2 5.0 5.2
PE, Ny/PVC, Ny (#19) 9.2 4.8 4.4
PE/36ACR (gramaur)b 8.8 4.6 4.2
PE/4BACE (granular)® 6.0 4.6 1.4
PVC (qranulnz)b 5.9 2.4 3.5
Teflon (#20) 3.2 2.7 0.4

%For combustion in normal air at 60 kw/nz
bReulrch samples, data taken from Ref. (6)
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Table 3: Convective and radiative fractions of actual heat

release for FMRC small-scale cable fire tests
[Reference 31}

RATIOS OF MEAT OF COMBUSTION

Cable Sample W HC/HAb
PE/25%¢CL (granular)® 0.66 0.34
14PE (gtnnulnr)c 0.65 0.35
LAPE (#1) 0.63 0.37
PE, PP/CR*S*PE (#12) 0.62 0.138
Nylon (gxanu].cr)c 0.61 0.39
PVC (granular)® 0.59 0.41
XPE/FRXPE (#13) 0.57 0.43
FRXPE/CR*S*PE (#15) 0.57 0.43
PE/PVC (#4) 0.56 0.44
XPE/Neoprene (#2) 0.53 0.47
XPE/Neoprene (#17) 0.53 0.47
PE-Ny/PVC-Ny (#18) 0.51 0.49
PE/PVC (#7) 0.49 0.51
PE/36ACL {granular)® 0.48 0.52
PE, Ny/PVC, Ny (#19) 0.48 0.52
PE, PP/CL*SPE (#8) 0.47 0.53
PE/PVC (#3) 0.41 0.59
XPE/XPE (#14) 0.40 0.60
PE/PVC (#6) 0.37 0.63
PE, PP/CR+S*PE ($#11) 0.37 0.63
PE, PP/CL*S*PE (#10) 0.35 0.65
XPE/CL*S*PE (#16) 0.34 0.66
Silicone, glass braid (#21) 0.29 0.71
PE/4BACE (granular)® 0.23 0.77
Silicone, glass braid/asbastos (#22) 0.17 0.83
Teflon (#20) 0.13 0.88

al'ln= Radistive Heat of Combustion; HA' Actual Keat of Combustion
bncz Convective Heat of Combustion ’
“Research samples dats taken from Ref. (9)
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Actual heat release rates from cable samples during

Table 4: FMRC small-scale cable fire tests [Reference 31)
HEAT RELEASE RATE PER UNIT AREA AND HEAT OF COHBUSTIONzrgR FLAMING FIRE
OF CABLE SAMPLES IN NORMAL AIR AT 60 kW/m
IEEE Heat Releass Rnt.zl’er
383 Unit Area (kW/m“) Heat of Combustion (kJ/g)
Cable Sample ’ Rating Actual Convective Radiative Actual Convective Radiative

24 PE (M) NK 1071 398 673 .3 11.6 19.7
PE/PVC (#5) Fajl 589 325 264 24.0 13.0 11.0
XPE/FRXPE (#13) Pass 475 207 268 20.3 12.3 16.0
PE/PVC (#4) Fail 395 175 220 25.1 11.1 4.0
PE/PVC (#6) NK 359 228 131 22.0 14.0 8.0
XPE/Neoprene (#2) NK 354 166 188 12.6 5.9 6.7
PE,PP/CR*S*PE (#12) Paas 45 131 214 17.4 6.6 0.8
PE/PVC (#3) NK 2 185 127 30.8 18.3 12.5
XPE/Neoprene (#17) Pass 302 144 158 10.3 4.9 5.4
PE, PP/CL*S°PE (48) Pass 299 160 139 29.6 15.8 13.9
PE, PP/CL*S*PE (#11) Pass 27 172 99 26.8 17.0 9.8
FRXPE/CL*S*PE (#15) Pass 258 112 146 17.3 7.5 9.8
PE, Nylon/PVC, Nylon (#19) NK 231 120 110 9.2 4.8 4.4
PE, Nylon/PVC, Nylon (#18) NK 218 107 111 10.2 5.0 5.2
XPE/CL*S*PE (#16) Pass 204 135 69 13.9 9.2 4.7
Silicone, glass braid, asbestos (#22) Pass 182 152 30 24.0 20.0 4.0
XPE/XPE (#14) Pass 178 107 7n 12.5 7.5 5.0
PE,PP/CL*S*PE (%10) Pass 177 114 62 19.0 12.3 6.7
Silicone, glass braid (#21) NX 128 a9 39 25.0 17.5 7.3
Teflon (#20) Pass 98 82 16 3.2 2.7 0.4

'Avenge peak values NK - Not known
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Table 5: Cable mass loss sensitivity values for FMRC
emall-scale tests [Reference 31]

THE SENSITIVITY OF MASS LOSS RATE TO EXTERNAL KEAT FLUX FOR THE
COMBUSTION OF CABLE SAMPLES IN NORMAL AIR

Cable Sample Aﬁi/Ac}; (g/'lt--il)b
PVC/Plasticizer® 0.60
PE (gx-u-m].u')ll 0.57
PP (gtmuln‘)‘ . 0.49
XPE/CL*S*PE (#16) 0.47
PE/250CE (granular)® 0.47
PVC (gunulnr). 0.41
XPE/Neoprane (#17) 0.3e
PE/36%CL (grmular)' 0.34
PE/480CL (granular)® : 0.33
PE/PVC (#4) 0,22
PE, PP/FRCA*S*PE (#9) 0.17
XPE/FRXPE (#13) 0.17
Silicone, glass braid/asbestos (#22) 0.10

“Research samples data taken from Ref. ()

bBas.d on peak average value Am" /54" e is defined as the sensitivity of mass
loss rate to external heat flux measured for peak values.
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Table 6: Generation rates of primary fire products during
FMRC small-scale cable fire tests [Reference 31]

YIELD OF CO,, CO, AND GASEOUS HYDROCARBONS FROM THEz a
COMBUSTION OE CABLE SAMPLES IN NORMAL AIR AT 60 kW/m

Cable Sample Yield (‘;/g)b
YCOZ Y(:0 YHC
L4PE (grmulu)d 2.28 0.06 0.02
LaPE (#1) 2.25 0.05 0.01
PE/PVC (#3) 2.08 0.10 0.02
PE, PP/CL*S°PE (#8) 1.95 0.07 0.01
XPE/FRXPE (#13) 1.78 0.11 0.03
PE/PVC (84) 1.75 0.05 0.01
PE, PP/CL*S*PE (#11) 1.74 0.15 0.02
Nylon (qnn\.uar)d 1.67 0.04 0.01
Silicone, glass braid (4#21) 1.65 0.0} 0.001
Silicone, glass braid/asbestos (#22) 1.47 0.03 0.0003
PE/PVC (#6) 1.39 0.17 0.04
PE/250CL (grmulu')d 1.31 0.06 0.03
PE/PVC (47} 1.29 0.15° 0.04
PE, PP/CR*S*PE (#10) 1.2 0.07 0.01
PE, PP/CL*S*PE (#12) 0.99 0.18 0.09
FRXPE/CL*S*PE (#15) 0.95 0.12 0.02
XPE/CL*S*PE (#16) 0.89 0.12 0.02
XPE/XPE (#14) 0.83 0.1l0 0.02
XPE/Neo (#2) 0.68 0.12 0.03
PE/I60CL (granuln')d 0.65 0.05 0.02
XPE/Neo (#17) 0.63 0.08 0.01
PE-Ny/PVC-Ny (#18) 0.63 0.08 0.02
PE, Ny/PVC, Ny (#19) 0.49 0.08 0.03
PVC (granular)® 0.46 0.06  0.03
PE/4BACL (qtlnullz)d 0.45 0.05 0.02
Teflon (#20) 0.18 0.09 0.01

‘chngo paak valuas

b!.lcld = mags generation rate of the product/mass loss rats
“ae = gasecus hydrocarbons (as CH ‘)

a Research samples, data from Ref (9)
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Table 7:

Total and actual heat of combustion values at
various external heat flux exposure levels for

various fuels [Reference 34]

Nst hest of combustion
@i
de Complete .
Polymer-Liquid (kw/m?) mo, combustion Actua)®
Aliphatic-type fusls
Liquids
Methanol [] 0.233 19.96 19.82
Acetone 0 0.233 28.49 inn
Heptane 0 0.233 44.56 30.78
Polymers
Collulose 524 0.233 16.48 11.80
Polyoxymethylene 0 0.23 1548 11.69
389 0.233 1548 12.03
524 0.233 15.48 1.8
Polymethylmethacryliste 0 023 25.20 2188
9.7 0.233 25.20 17.89
524 0.233 25.20 11.89
Polypropylene [} 0.233 43,38 3262
39.7 0.233 43.38 3.1
824 0.233 4338 29.46
Nylon 6/6 524 0.233 30.79 242
Polyethylenes (PE) -
PE 0 0.233 4347 N
40.2 0.233 a0 2
PE foams
1 39 0.233 an 2885
520 0.233 41.21 2023
2 26.8 0.233 40.84 3226
389 0.233 40.84 2940
520 0.233 40.84 28.59
3 26.5 0.233 40.84 29.81
8.9 0.233 40.84 28.59
520 0.233 40.84 26.14
4 26.5 0.233 40.84 30.22
389 0.233 40.84 28.59
520 0.233 40.84 2283
PE-25%C1 358 0.233 31.59 19.59
389 0.233 31.59 18.04
PE-36%C) 2.3 0.233 26.28 8.83
PE-43%C1 20.1 0.233 2063 §.00
Polyviny! chloride 524 0.233 16.44 5.89
Aromatic-type fuels
Liquids
Aniline 0 0.233 34.86 - 2230
200 0.233 34.86 16.38
Styrene 0 0.233 40.51 2228
Benzene 0 0.233 40,14 21.23

Net heat of combustion
W/
de Complete
Polymer-Liquid aW/m?) mo, combustion Actug)®
Polymers

Polystyrons [} 0233 3917 3.1
328 0.233 .1 18.38

389 0.233 39.17 16.18

39.7 0.233 39.17 18.17

Epoxy-FR-Fibergiam - 389 0.233 29.83 15.24
4.0 0.233 29.83 1381

524 0.233 29.83 1548

0.279 29.83 144)

0.334 29.83 13.96

Polyurethane foams

FA-C2(0y [ 0.233 17.11 11.69
10.0 0.233 17.11 11.93

20.1 0.233 17.11 10.93

26.4 0.233 17.11 10.61

389 0.233 1.1 11.53

452 0.233 1mn 11.16

523 0.233 1711 1097

598 023 17.11 1140

GM-21 45.3 0.160 26.15 16.11
0.180 26.18 1687

0.213 26.18 16.68

0.233 26.18 16.27

GM-23-FR 45.2 0.167 2713 16.70
0.233 2118 16.62

0273 27.18 17.13
GM-28 264 - 0.207 24.64 15.20
0.214 4.64 16.16

0.233 24.64 15.712

0301 24.64 15.01

s 0.233 24.64 14.29

389 0.233 24.64 14.27

524 0.233 24.64 1441

59.8 0.233 24.64 “n

GM-27-FR s 0.233 13.18 12.38
389 0.233 .18 12.08

524 0.233 23.18 12.01

GM-29 52.0 0.233 26.02 11.84
GM-31-FR $2.0 0.233 25.02 11.46

S¥ires mot fully ventilated,
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and convective fractions of total

heat of combustion for various fuels [Reference 34]

Table 8: Actual, radiative,
H
Polymer-liquid WM Mo, Xecwa Xeomr  Xead
Aliphatic-type fusls
Liquids
Methanol (] 0.233 0.993 0.853 0.141
Acetone 0 0.233 0.762 0.566 0.19
Heptane 0 0.233 0.690 0.374 0.316
Polymers
Cellulose 524 0.233 0.716 0.351 0.36$
Polyoxymethylene 0 0.233 0.755 0.607 0.148
389 0.233 0.777 0.560 0.217
524 0.233 0.764 0.542 0.222
Polymethylmethacrylate 0 0.233 0.867 0.622 0.245
39.7 0.233 0.710 0.340 0.360
524 0.233 0.710 0.410 0.300
Polypropyiene 0 0.233 0.782 0.548 0.204
39.7 0.233 0.593 0.233 0.360
524 0.233 0679 0.267 0413
Nylon 6/6 524 0.233 0.723 0.283 0.445
Polysthyisnes (PE)
PE 0 0.233 0.7122 0.536 0.1%0
40.2 0.233 0.739 0.257 0.482
PE foams
1 3.9 0.233 0.700 0.570 0.130
520 0.233 0.605 0488 0.200
2 265 0.233 0.790 0.640 0.150
389 0.233 0.720 0510 0.210
520 0.23) 0.700 0.480 0.220
3 2.5 0.233 0.730 0.520 0.210
339 0.233 0.700 0.450 0.220
520 0.233 0.640 0.440 0.200
4 268 0.233 0.740 0.590 0.150
39 0.233 0.700 0460 0.240
510 0.233 0.559 0.460 0.099
PE-25%C1 5.1 0.233 0.620 0.159 0.46)
k18 0.233 0.571 0.196 0.378
PE-36%C1 2.8 0.233 0.336 0.176 0.160
PE-43%01 20.1 0.233 0.291 0.221 0.070
Polyvinyl chioride 524 0.233 0.387 0.148 0.209

!

ds
Polymer-liquid (W/m?) mo, Xectual Xeonv Xrad
Aromatio-type fusls
Liquids
Andline 0 0.233 0.640 0410 0.230
20.0 0.233 0470 0.200 0370
Styrene 0 0.233 0.550 0.180 0370
Beanzens 0 0.233 0529 0.170 0.359
Polymens
Polystyrens ] 0.233 0.607 0.385 0.222
3158 0.233 0.392 0.090 0.302
389 0.233 0413 0.130 0.283
39.7 0.233 0.464 0.130 0.334
Epoxy-FR-fiberglass 389 0.233 0.510 0.131 0.379
470 0.233 0.463 0.137 0326
52.4 0.233 0518 0.148 0370
0.279 0483 0.067 0416
0.3 0.468 0.072 0.39%6
Polyursthane foams
1-A-CaCOy 0 0.233 0.683 0.354 0.329
10.0 0.233 0697 0.319 0373
20.1 0.233 0.639 0327 0312
64 0.233 0.620 0.328 0.292
39 0.233 0.674 0.263 0.411
45.2 0.233 0.652 a.193 0459
52.3 0.233 0.641 0.227 0414
59.8 0.233 0.666 0.220 0.446
GM-21 435.2 0.160 0.616 0312 0.304
0.180 0.645 0.288 0.357
0.213 0.638 0.251 0387
0.233 0622 0.22) 0.400
GM-23-FR 452 0.167 0.61$ 0.194 0421
0.233 0.612 0.167 0.445
0.273 0.631 0.181 0.480
GM-25 %4 0.207 0.617 0310 0.307
0.214 0.656 0318 0.341
0.233 0638 . 0.249 0.389
0.301 0.609 oun 0438
318 0.233 0.580 0173 0.402
389 0.233 0.879 0.201 0378
524 023 0.58% Q.181 0.404
9.8 0233 0.597 0.219 0378
GM-27-FR s 0.233 0.534 0.212 0.322
389 0.233 0.520 0.215 0.305
524 0.233 0.518 0.188 0333
GM-29 $20 023 0.453 0.148 0.307
GM-31-FR $2.0 0233 0.458 o151 0.307

“Flres not uily veatilated.



Table 9: Convective fraction of actual heat of combustion for
polymers {[{Reference 34)

Xconv/Xectua1 Values for the Combustion of Polymers
at g, > 38.9 k<W/m? in Normal Air

Polymer . Xconv/Xactual
Polyoxymethylene ’ 0.715
Polymethylmethacrylate 0.528
Polypropylene 0.395
Nylon 6/6 0.389
Polyurethane foam (GM-27-FR) 0.389
Polyurethane foam (GM-21) 0.355
Polyethylene 0.348
Polyurethane foam (GM-23) 0.344
Polyurethane foam (1-A-C2CO3) - 0.343
Polyurethane foam (GM-31-FR) 0.330
Styrene® (42 = 0) 0.327
Polyurethane foam (GM-29) 0.325
Benzene? (4, = 0) 0.321
Polystyrene ’ 0.275
Polyurcthane foam (GM-23-FR) 0.273
Epoxy-FR-glass fibers 0.266

8Liquids.
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Table 10:

Mean distribution of carbon in the combustion
products of liquids and polymers [Reference 34)

Mean Distribution of Carbon in the Combustion Products of Liquids and Polymers?

Gases, f; x 100 Pyrolyzate, f; x 100
Chemical formula from
Liquid-Polymer elemental composition CO, co HC Pyrd Pyr-f¢€ (Pyl)fi'quidq
Methanol CH,O 99.3 0.1 0 0.6 0 0.6
Polymethylmethacrylate CH, ¢00.4 78.6 0.8 0.1 20.5 4.0 16.5
Polyoxymethylene CH,0 76.5 0.2 0.1 23.2 - -
Acetone CH109.33 76.2 0.1 0 237 - -
Cellulose CHQ.;OQ‘;; 71.6 0.5 0.1 27.8 - -
Nylon 6/6 CH, 3300.17N0 17 71.5 26 21 238 218 2.0
Polyethylenes CH, 68.5 2.0 1.2 28.3 13.0 15.3
Heptane CHj 29 66.8 38 5.7 23.7 - -
Polyurethane foam-CaCO; (I-A) CH, 9300,26No.0s 65.6 0.6 0.1 33.7 30.0 .7
Polypropylene H, 64.4 1.8 2.3 31.5 - -
Polyurethane foam (GM-21) CHj 3000.20No.0s 60.8 0.7 04 38.1 316 6.5
Polyurethane foam (GM-25) CHy 500,32No 07 594 23 0.7 376 310 6.6
Polyurethane foam (GM-23-FR) CH, . 1600.35No.06 59.0 21 0.6 383 329 54
Polyethylene-25%Cl1 CH, §1Clo 13 571 38 24 36.7 39.3 0
Styrene CH 54.0 3.0 2.2 40.8 39.7 1.1
Polystyrene CH 519 2.9 2.8 424 19.0 234
Polyurethane foam (GM-27/FR) CH;_9100.30N0.08 517 4.0 16 427 366 6.1
Polystyzene foam (GM-47) CH, 01 48.2 2.7 1.0 48.1 26.8 213
Benzene R 47.1 54 33 4.2 - -
Styrene-Butadiene CHy 01 47.1 23 1.1 49.5 314 18.1
Aniline CHy y9No.17 46.3 2.7 1.2 49.8 - -
Epoxy-FR-fiberglass CHy 33No.12 454 23 0.6 51.7 13.6 38.1
Polyurethane foam (GM-31-FR) CH; 1100.22No.10 40.7 5.1 1.9 52.3 51.2 1.1
Polyurethane foam (GM-29) CH;,1500,23No.10 40.1 54 1.5 $3.0 326 204
Polyvinyl chloride CH, Clg s 32.7 6.3 5.5 55.5 55.5 0
Polyethylene-36%Cl CH; 74Clg 23 316 39 2.7 61.8 63.6 0
Polyethylene~-48%Cl CH, ¢sClo.36 26.8 4.6 29 65.7 - -

9Fires not fully ventilated.

brotal pyrolyzate calculated from Eq. (25).
CPyr-f pyrolyzate fraction collected on the filter paper consisting of low-vapor pressure liquids and solid compounds.
(Pyr)iiquid-1: high-vapor-presaure liquids in the pyrolyzate which cannot be collected on the filter paper calculated from Eqa. (25) and (36).



Table 11: Heat generation values for use in oxygen consumption
and carbon dioxide generation calorimetry methods
for liquids and polymers [Reference 34]

Helko, Helkco,
Fual ®ip (3173
Gmnular palymers
Polymethybnethacrylate 13.2 115
Polystyrene 127 116
Polypropylene 126 139
Polyethylene (PE) 127 13.9
PE-25%Q01 127 134
FE-36%C1 128 129
PE-36%0) 128 129
PE-43%C) 128 123
Polyviny! chloride 128 11.9
Nylon 6/6 118 13.2
Styrens-butadiene 133 122
Polyoxymethylene 14.5 10.6
- Mesn 129 125
Standard deviation  0.63 1.08
Silicones®
Linea:
MM 16.2 20.6
MDM 15.8 204
MD, M 13.7 185
MDyM 154 193
Cyclics
Dy . 4.2 20.6
Dq 14.7 214
Ds 14.6 213
Dy 146 213
Mean 149 208
Standasd deviation  0.80 1.01
Foamed polymers
Polyurethanes
GM-11 116 115
GM-2)-FR - 13.0 12.5
GM-25 113 111
GM-27-FR 10.4 10.3
GM-29 11.5 10.7
GM-31 11.0 10.2
GM-37 s 113
Polyisocysnurstes
GM-41 113 104
GM-43 . 9.8 B9
Polystyrenes
GM-47 123 113
GN-49 124 114
Polystyrenes X
GM-51 11.6 103
GM-53 123 113
Phenolic Foam
GM-57 (16.8) 141
Polyethylones
1 121 13.2
2 118 113
3 12.0 13.0
4 12.0 13.0
Mean 117 116
Standard devistion 0.77 133
Liquids
Pentane 128 14.8
Hexane 11.7 146
Heptane . 12.7 145
Benzene 13.0 Cne
Toluene 129 121
Benzaldehydo 132 11.0
Aniline 116 123
Styrene 131 120 -
Methyl alcohol 133 14.5
Ethyl alcohol 12.8 14.0
Propyl slcohol 127 139
Acetone 12.9 123
Acotaldehyde ’ 136 124
Formaldehyde 14.5 106
Men 13.0 129
Standard deviation 0.64 1.38

O3 = (CH3)3810¢ 5. D = (CH}),S10.
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Table 12:

formulations [Reference 43]

Pyrolysis products of PVC materials generated at high temperature, separated on the

Carbowax-20M and SE-54 columns.

High temperature degradation products for PVC

Te Ta
Insulation (min) Carbowax-20M {min) SE-54
Virgin PVC 37 1-methyl-2-ethylbenzene 32 6,6-dimethylfulvene
48 m-methylstyrene 37 phenylacetaldehyde
[ L] styrene 40 methyltoluene
74 3-methylindene 45 2.2.4-trimethylheptane
8.8 naphthalene 42 o-methylstyrene
10.0 1-methyinaphthalene s4 2.5-dimethylheplane
1.1 biphenyl S5 2-methylindane
118 1,3-dimethylnaphthalene 64 methylallylbenzene
119 2-ethylinaphthalene [ Y] 1.2-dihydronaphthalene
14.0 allylnaphthalene 71 azulene
145 fluorene 82 3-methyl-12-dihydronaphthalene
176 phenanthrene. 84 2-methylnaphthalene
191 4-methyl phenanthrene s 1-methylnaphthalene
20 12.3.4-tetrahydroflucranthene .9 scenaphthene
241 dioctylphthalate 148  phenanthrene
4.7 fluoranthene 162 2-methy] anthracene
26.4 $,6-benzo-7-phenylbicyclo (2,2.1) hept-2-ene
PVC-3 36 xylene 41 ethylioluene
.4 p-ethyltoluene 49 propenylbenzene
s.1 isopropyl benzyl heptane 64 allyltoluene
. naphthalene 71 naphthalene
108 1-methyinaphthalene 89 methylnaphthalene
119 1-ethyinaphthalene %% phthalic acid
121 phenol 16S$ butyl phthalate
122 biphenyl
153 phthalic anhydride
188 2-hydroxy-4 hony-6 hylbenzaldehyde
15.9 ethylene glycol dibenzoate
18.7 dibutyl phthalate .
20.4 ¢-methylphenanthrene
PVC-78 7.9 1-phenyl-1.2-propandione 45 isoocty! alcohol
8.8 naphthalene 71 azulene
104 1-methylnaphthalene 87 benzoic acid
114 biphenyl L1 ] 1-methylnaphthaleae
119 1,2-dimethylnaphthalene 100 phthalic anhydride
144 phthalic acid 17.¢ &i-(2-ethylhexyl) phthalate
PVC-104 35 o-xylene 31 6.6-dimethyl fulvene
39 isopropylbenzene 3z phenylacetaldehyde
[ 3] styrene 39 benzyl ester
[ X} naphthalene 41 isopropylbenzene
109 3-methyinaphthalene 449 methylstyrene
121 phenot 6 o-allyltoluene
18.6 hracene or ph h 114 2.6-di-tert-butyl-4-methyl phenol
167 stearic acid

=75«



Table 13:

High temperature degradation products for Neoprene
formulations [Reference 43]

Pyrolysis products of Neoprene generated at high temperature and separated on the
Carbowax-20M and SE-S4 columns.

Ta Ta
Insulation {min) Carbowax-20M (min) SE-54
Virgin Neoprene 3.6 o-xylene 31 66-dimethylfulvene
37 chlorobenzene 39 n-proplybenzene
40 1-methyl-3-ethylbenzene 4 acetophenone
49 m-chlorotoluene 4.9 propenylbenzene
S.6 m-methylstyrene S.6 x-chloro-o-xylene
6.0 o—chloroethylbenzene 61 2-phenylpropanol
6.6 4-chloro-m-xylene 64 7-methylbenzo(SHMHuran
33 1-methyl-1H-indene 7.9 benzoyl chloride and others
.7 naphthalene
113 1-methyl naphthalene
Neoprene-007 3s eo-xylene i1 n-butyl chloroacetate
43 methylbenzoate 33 2-nonynic acid
5.7 m-chlorotoluene 3 benzyl chloride
[ X ] indane 3 n-propylbenzene
63 o~chloroethylbenzene 4.0 2-(1-phenylethylthiol phenol
8.0 4-methylindane 44 3-methyl-1,4-heptadiene
.1 1-methyl-1-H-indene 4.7 indane
9.9 chloroprene dimer 5.0 o-chloroethylbenzene
10.5 naphthalene 5.4 ™~ and p-ethylstyrene
123 2-methylnaphthalene 6.3 methylindane
21.1 phenyl B-naphthylamine | &4 methylnaphthalene
123 allylnaphthalene
128 diphenylmethane
15.2 8-hydroxymethylquinoline
Neoprene-34 37 x-xylene .6 2,}-dimethyl-1,2,3,4-tetra-
“ 1-methyl-3-ethylbenzene hydronaphthaiene
125 benzothiazole 25 di-(2-ethylhexyl) phthalate
7 phenol
138 x~cresol
158 phthalic anhydride
298 dioctylphthalate
Neoprene-433 3s x-xylene - 31 6,6-dimethyl fulvene
.« $-methyl-3-ethy!benzen s benzyl chloride
$3 benzyl chloride 3 n-propyl benzene
s.9 B-methylstyrene 4.1 benzyl benzoate
72 methylphenylacetylene 43 indane
76 x-methylindane (X S-methylindane
| & methyl-1-indene 71 azulene
LA chioroprene dimer 126 allylnaphthalene
301 naphthalene
1.4 methylnaphthalene
124 ethylnaphthalene
ur acenaphthene
154 3-allyinaphthalene
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Table 14:

High tenmperature degradation products for rubber

formulations [Reference 43]

Pyrolysis products of rubber generated at high temperature and separated on the
Carbowax-20M and SE-54 columns.

Ta Te
Insulation {min) Carbowax-20M (min) SE-S4
Rubber-12 43 styrene 71 azulene
52 phenylacetylene 18.0 ¢i-N-amylphthalate
L X} o-methylstyrene
67 1-chloroindane
[ X methyl-1-indene
L 2] maphthalene
1.2 2-methyinaphthalene
122 biphenyl
125 p-isopropenylacetoph
.1 biphenylene
Rubber-134 33 ethylbenzene 31 12-dimethyl-3-ethylbenzene
4.3 ostyrene 41 1-pheny)-1-nitroethane
82 methyl-1-indene 54 1-chloroheptadecane
[ 1) isobutylphenone 9.6 phthalic anhydride
9.6 napthalene 27.7 butylimethyl phthalate
10.9 1-methyinaphthalene
120 phenol
22 bipheny!
159 benzoic acid
Rubber-138 33 1,2-dimethyibenzene 32 cyclotetracene
43 benzocyclobutane 3s isopropylbenzene
46 allylbenzene-1-phenyl-1-nitroethane 38 phenylacetaldehyde
8.7 phenylcyclopropane 39 1-methyl-2-ethylbenzene
.73 benzaldehyde 42 isopropylbenzene
81 1-methyl-1H-indene 44 methylstyrene
85 acetophenone 49 propenylbenzene
9.2 azulene s.1 chlorindene
% naphthalene 66 1,7-eth piro-(2,6)
10.0 B-phenylethyl acetate 48-diene-28-lactone
1n3y methylnaphthalene 71 naphthalene
e benzothsozole 9.1 B8-phenylethyl acetate
120 pheno) .9 acenaphthene
123 bipheny! 132 13-diphenylpropane
138 £-phenylethylformate 176 dioctylphthalate
141 biphenylene 30.0 di-{-2-ethylhexyliphthalate
14.9 I.J-diphznylpmpme-
15.9 12-benzolonybutane
1.7 palmitic acid
Rubber-1132 43 styrene 32 6,6-dimethylfulvene
.0 1-phenyl-1.2-propandione 39 ethyltoluene
100 naphthalene .49 allylbenzene
113 methylnaphthalene 71 azulene
123 phenol L X ] phthalic anhydride
155 Phthalic snhydride 17.7 d-n-amyl phthalate
16.0 benzoic acid 208 amyl phthalate
207 3-cyclopentyl-2' 4'-di-methylphenone 26 isobutyl-o-phthalate
24.7 methyl-3-(2.5-dimethybenzoyl) butanoate 25.4 isopropyl phthalate
26.4 butyl phthalate
Rubber-1138 34 xylene 32 styrene
37 1,2.34-tetramethylbenzene 34 isopropylbenzene
43 styrene s phenylacetaldehyde
60 cyclopropylbenzene 4“2 slpha-methylstyrene
71 benzaldehyde 4.8 allylbenzene
[ X9 methyiphenylheptane . 52 n-butylbenzene
LX) naphthalene 6.6 n-phenylbenzene
112 methylnaphthalene 132 1.3-diphenylpropane
128 phenol 18.8 n-butyl-o-phthalate
123 biphenyl
149 13-diphenylpropane
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Table 15: High temperature degradation products for
Polyethylene formulations [Reference 43]

Pyrolysis products of polyethylene generated at
high temperature and separated on the Carbowax-20M
column.

Ta
Insulation (min) Carbowax-20M

Virgin polyethylene 5.3 13-dimethyl-4-cyclopentane
72 1-hexadecene
? naphthalene
? 1-methyl-2-cyclohexylcyciohexane
10.4 x-methylnaphthalene
10.6 o-nenthane
11.4 phenyibenzene
1.6 methyldicyclohexylmethane
124 acenaphthene
132 biphenylene
136 1.1-dicyclohexylpentane
229 dihexyldiacetylene
250 dioctyiphthatate

Polyethylene-77 37 styrene
6.1 1-methylphenylacetylene
8.9 naphthalene .
10.2 hexahydrofarneoo! and methylnaphthalene
10.5 3-methylpentine

Polyethylene-95 31 undecanol-1
41 oct-1-ene
$.3 acetic acid
o4 4,68-trimethyinonene-1
7.3 2,2-dimethyl-1-acetylcyclopentane
73 1-hexadecene
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Table 16: Physical characteristics of cables tested by LLNL in
small-scale radiant exposure chamber [Reference 44]

Physical characteristics of cables (46 cm long) tested in small-scale radiant panel tests,

1984,
Jacket
Jacket Insulation Conductor Cable 0.d. Total wt thickness

Cable (% wt) (% wt) (% wt) (mm) (kg/m) (mm)
Rg-214u PVC Polyethylene Copper 10.9 0.18 1.59
coaxial 21.9) 17.9) (60.7)
PVC PVC Polypropylene Copper 210 0.60 1.59
multiconductor 25.5) 4.1 70.4)
Polyethylene Polyethylene Polyprepylene Copper 222 0.48 25
multiconductor 2.6 17.4) (60.0)
Rubber power. Neoprene Rubber Copper 218 0.73 3.05
multiconductor (35 an 38
Rubber Rubber None Copper 21.2 1.28 3.85
(Presto. W.C)) 224 (77.6)
Diesel loc. EP Rubber None Copper 18.8 0.85 4.37
2/0 cable 29) on
Diesel loc. Hypalon/rubber None Copper 23 1.37 397
Hatfield 4/0 22) . (76)
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Table 17:

Physical characteristics of cables used in LLNL
vertical cable tests throuqgh FY83 [Reference 43]

Jacket mat'l Insulation Conductor Cable Total wt %
Test (wt %) (wt %) (wt %) o.d. (mm) (kg/m) packing
12 Hypalon None Copper 19.1 1.15 100
16.2 83.8
3 Neoprene None Copper 19.1 1.29 100
235 76.5
4 PVC P.E Copper 25.5 112 100
18.9 321 49.0
5 PVC P.E. Copper 25.5 1.12 50
189 321 49.0
6 PVC P.E. Copper 25.5 1.12 25
18.9 2.1 49.0
7 Neoprene/rubber None Copper 23.6 1.39 100
e 69.0
8 Neoprene/rubber None Copper 23.6 1.39 50
31.0 69.0
9 Neoprene/rubber None Copper 236 1.39 25
31.0 69.0
10 PVC PVC-multi Copper 17.5 0.58 100
27 16 57
11 PVC PVC-multi Copper 17.5 0.58 50
27 16 57
12 PVC PVC-multi Copper 17.5 0.58 25
27 16 57
13 Neoprene Rubber-maulti Copper 20.6 0.21 50
30.3 26.5 43.0
14 Neoprene Rubber-multi Copper 20.6 0.21 25
30.3 26.5 43.0
15 Neoprene Rubber-multi Copper 20.6 0.21 100
30.3 26.5 43.0 ;
16 Rubber None Copper 21.2 1.26 50
22.35 77.52 _
17 Rubber None Copper 21.2 1.26 25
22.35 77.52
18 Rubber None Copper 212 1.26 100
22.35 77.52
19 Rubber/Hypalon None Copper 242 2.66 50
(22.05) (77.95)
20 Rubber/Hypalon None Copper 242 2.66 25
(22.05) - (77.95)
21 Nylon/PVC None Copper 225 1.8 100
(10.34) (89.56)
Nylon/PVC None Copper 225 1.8 50
{10.34) (89.66)
Nylon/PVC None Copper 225 1.8 100
(10.34) (89.66)
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Table 18: Tabulated sunmary of LLNL vertical cable fire tests

conducted through FY83 [Reference 43)

Max Average Total Flamespread
hrr* Time hrr flamespread rate
Test (kW) (s) (kW) {m) (m/min)
7 65.00 400 20.00 0.3 0.05
8 42.00 400 11.00 1.22 0.06
9 4.0 600 25 _ 1.22 0.13
10 100.00 930 378 1.82 0.52
11 300.00 660 53.2 1.82 0.44
12 80.00 660 3 1.82 0.5
13 25 Average : 22 0.3 -
14 9.75 Average 9.7 0.3 -
15 4.0 Average 25 0.3 -
16 75.7 400 19.95 0.61 0.03
17 43,75 300 12.12 0.61 0.06
18 5.29 1000 272 0.00 -
19 100.00 960 37.5 0.00 -
20 9.3 1000 6.9 0.61 0.18
2 5.3 1000 4.2 0.30 0.14
22 16.8 1000 8.9 0.61 0.06
23 29 500 1.4 0.30 0.04

2 Heat-release rate.
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Table 19: (a) Physical characteristics of cables tested by
LLNL in FY84 and summary of test results for FY84
tests (b) without and (c) with radiant heat exposure
panels [Reference 44]

Physical characteristics of cables tested in FY 84.

Jacket Insulation Conductor Cable 0.d. Total wt Jacket

Test No. (% weight) (% weight) (% weight) (mm) (kg/m) thickness
84-1 EP rubber None Copper 22 132 437
84-2 Qs.s) 74.5)

84-3 Hypalon None Copper 202 130 3.05
“"-4 a7y 818

84-5 Polyethylene Polyethylene Copper 222 0.41 18
84-6 17.6) 61.6) 208

84-7 PVC polypropylene Copper 210 0.60 1.59
-8 2s.5) [[8}] ©0.9)

-9 Rubber (Presto.} None Copper 212 125 385
84-10 224) 77.6)

84-1C Polyethylene Polyethylene Alum./copper 127 0.16 159
84-2C 9.1) 8.9 2.1} 12.7 0.16 1.59
84-3C

84-4C Polyethylene Polypropylene Copper 22 0.48 25
64-5C [r>¥ 1] 174 ©0.0

1981 vertica) cable burn summary of tests without 0.5 W/em® radiant panel.
Time to ’
™ Peak th Peak HRR peak HRR Avg. HRR FSR

Test No. - g/ W) ® «wW) @/min) Cable type®
8s-1C* 105 33 1316 §50 257 0.38 PE/PE coaxial
842" 65 386 1544 $50 295 0.51 PE/PE coaxial
84-4C 125 213 923 50 151 019 PE/PP multicond.
84-1 290 143 646 1800 106 0.34 EP rubber

844 No ignition - -— - -— Hypalon

84-6 160 187 810 850 150 029 PE/PE coaxial
84-8 265 108 489 1250 2 0.15 PVC/PP multicond.
84-10 350 79 356 1150 $s 0.25 Rubber (Presto.)

*PE = polyethylene FPVC = polyvinylchloride
FP = polypropylene EP = ethylene propylene
® performance influenced by small diameter (12.7 mm) and large
compared to the rest of the cable types.

o

] ratio. Therefore their results cannot be

1984 vertical cable burn summary with 0.5 W/cm? radiant panel.

Time to

T Peak th Peak HRR peak HRR Avg. HRR FSR
Test No. s} ®/9 kW) » . W) (m/min) Cable type
84-5C 128 419 1820 1000 251 037 PE/PP multicond.
842 o0 14.2 2 235 87 032 EP rubber
84-3 No ignition - - - - Hypalon
-3 150 227 937 1300 116 0.39 PE/PE coaxial
-7 156 258 1168 1150 299 0.40 PVC/PP multicond.
8-y 180 13.4 06 1600 ” 03 Rubber (Presto.)
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Table 20:

Comparison of peak heat release rates reported by
sumitra [56] and those calculated in the present
work based on mass loss rates reported by Sumitra
[56] and heat of combustion values reported by
Tewarson [31) for the FMRC/EPRI cable tray fire tests

Peak Values Based on Mass
Peak Values Reported By Sumitra Loss Rates and Small Scale
Test Data
Test Cable Type/ Radiative Convective Total Radiative Convective Total
I.D, Arrangement HRR (KW) HRR (KW) ~ HRR (KW) HRR (KW) HRR (KW) HRR (KW)
I. FREEBURN TESTS
1 P/P-TS 1409 2282 3691 1082 1278 2360
3 P/P-TS 2626 3334 5960 3334 3946 7280
4 - P/P=-ET 1954 1928 3882 2510 2970 5480
2 S/Al-TS 886 1024 1910 - - 2205
10 E/H-ET 228 145 373 - - -
11 E/H-L 488 81 569 - - -
12 E/H-LS 1211 1427 1638 1107 1886 2993
II. EXTINGUISHMENT TESTS
5 P/P-ET 435 612 1047 1502 1778 3280
6 P/P-ET 618 759 1477 1520 1800 3320
7 P/P-ET 1844 1114 2958 2931 3469 6400
8 P/P-ET 2507 1665 4172 3004 3556 6560
9 S/A2-ET 93 80 173 - - -
13 E/H-LS 732 593 1325 1091 1857 2948
14 E/H-LS 303 181 484 - - -
III. MIXED TRAYS -
EXTINGUISHMENT TESTS
15 P/P-ET . 2509 - 4800 5680 10,480
16 P/P-ET 1856 - -~ 3939 i 4661 8600
17 P/P-ET 2766 - - 4159 I 4921 ‘9080




Table 21: PVC compound formulations of cables used in Bell
Labs fire tests [Reference 59]

Parts by weight

128 132 J28 J32

Resin

PVC homopolymer 100 100 100 100
Plasticizers

Diisononyl phthalate 27 - - -

Diisodecyl phthalate - 30 - -

6,8, 10 0or 7.9, 11 mixed alkyl phthalate — - 45 40
Processing aid

Diphenyl phthalate 5 - - -
Flame-retardants

Antimony trioxide - 2 3 3

Hydrated alumina, 1 um particles - _ — 30
Stabilizers

Dibasic lead phthalate 7 - - _

Tribasic lead sulphate - 7 5 -

Coated tribasic lead sulphate - - - 5
Lubricants

Dibasic lead stearate 04 04 05 -

N,N'—ethylene bis stearamide . 0-4 04 0-5 -

Petroleumn wax - - 05 05

Partiatly oxidized polyethylene - - - 0-2
Filler

Calcium carbonate, 5 um particles - - 35 -

Table 22: Physical characteristics and heat content of cables
used in Bell Labs fire tests [Reference 59]
Cable Approximate Approximate Approximate Approximate fuel content
size outer insulation jacket -
diameter thickness thickness Insulation Jacket Complete
cable
in mil mil BTU/ft BTU/ft BTU/ft

6 pair 0-24 6 25 31 (22%) 108 (78%) 139
25 pair 0-38 6 30 126 (39%) 198 (61%) 324
100 pair 068 6 35 387 (43%) 891

-100-
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Table 23: Description of chairs tested by Lawson [Reference 61]

Test 47 = This chair hed a wetal freme with an sdjustable back. The seat
and back cushions were filled with solid polyurethans fosm snd & laysr of
polyester fiber. The back and seat cushions were both supported by 16 sa

particle board. The two srm reste were made of wood and the chair'e wsss was

20.82 kg. (See figure 26.)

Test 50 ~ This chair had s metal frame with a vegetable fiber aud coiton
layered seat and back cushion. The cheit was covered with a plastic coated
fabric. The arw rests were made of thermosetting plastic and the chair's usss

vas 16.52 kg, (See figure 31.)

Test 51 - Thie chair was a one-piece wolded glass fiber conetruction with
metal legs attached to the bottom. No padding or cushions were ueed in this

chair and 1t's maes vas 5.28 kg. (See figure 34.)

Test 52 - This chair wes a specially designed one-piece wolded theiwo-
plastic chair for use in psychiatric hospital wards. It was balieved to ba
molded from polyethylene plastic. The chair could be used ss either a rocking
chair or a fixed chair. This was Jctcnlncd by which end of the vertical axis

was placed on the floor and the chair's mass was 11.26 kg. (See figure 38,)

Test 53 ~ This chair had a wetsl frawe with psuded seat snd back
cushions. The cushions were filled with solid poiyurethune fosm and were
sttached to 12.7 ma plywood. The cushions were covered with a plastic coated

fabric and the chair's total wass was 15.54 kg. (See tigure 43.)

Test 55 - This chair consisted of & metal frase with a body form piywood
seat and back:. The seat and back wre pauded with thin lajers of poiyucethane
foam and covered with a synthetic fiber rabrie. The chair wue designed for
upe with a metal frade capable of supporting swvezal chairs in a group and

it's vess wvas 6.08 kg. (See figure 48.)

Jest 56 - This chair wvas convcrucced wath a wod fruae. The sust und
back were constructed aioudd 14 ma piywood. The sest cusnion wes wmade of Y01
latex foaa rubber with 10X cocton reit. The back cusnion consisted of 1003
lstex foam rubber. The cushion covers wre pisvtic costed fabric aud the

chair's miss was 11.20 kg, (See figure $3.)

Test 75 - Theae chairs were butlt with setal fraves capadle of veing
nested together for stacking. The seats and backs were ligntly padded with
polyurcthane fosm and covered with s plastic coated fabric. The sests and
back cushions were attached to plywcod boards and each chair's wuss was

7.49 kg. (See figure 58.)
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Table 24: Summary of fire test data reported by Lawson
[Reference 61)]

Test Results on Havlting Room and Patient Chairs

Heat Release Average : Smoke Peak Total Peak
Rate (kW) Peak Mass Heat of Peak Target Particulate Smoke Carbon
Test Specimen Initial Secondary Total Heat Loss Rate Combustion Irradiance Conversion Produced Monoxide
Item No. Mass (kg) Peak Peak Release (MJ) (g/s) (W/kg) (kW/M2) (z) () (g/s)
Adjustable Back,
Metal Prame 47 20.82 240 110 36 10.2 21.8 6.0 5.3 48 0.4
Patient Chair
Metal Frame, S0 16.52 3 N < 0.1 (1) (1 (2) (1) (1) 0.0
Minimem Cushion
Molded Fiberglass, 51 5.28 30 30 2 1.3 26.2 1.9¢2) (3) B¢ )] 0.3
No Cushion
Molded Plastic
Patient Chair 52 11.26 140 790 350 25.2 34,1 12.3 9.1 400 0.5
No Cushion
Metal Frame with 53. 15.54 270 290 41 13.1 21.4 1.7 6.5 101 1.1
Foam Cushions
Group Chair, ‘
Metal Frame, 55 6.08 10 10 1 0.6 19.2 0.2 2.9 1.0 0.0
Foam Cushion ’
Latex Foam Cushion :
Metal Frame,
Chairs, Stacked 75 29,94 160 N 191 7.2 18.7 4.7 4.3 116 0.3
4 High
N -~ No second peak.

(1) - Data not available because mass loss, irradiance and smoke were too swmall to measure.
(2) - Exposure flame wae burning during time peak was measured.

(3) = Data not available as a result of instrument failure.
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Lawson [Reference 61]
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Figure 35: Test results for wood frame chair tested by Lawson
[Reference 61]
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Qpe,k = (mass factor) X (frame factor) X (style factor)
X (padding fector) X (fabric factor)

The factors are computed as follows:

Figure 37:

Mass Factor = 64. X (total mass, kg)

1.0 for wood
Frame Factor = { 0.6 for (rigid) polyurethane foam
2.0 for (thermoplastic) polypropylene foeam

1.0 for plain, primarily rectilinear construction
1.5 for ornate, convoluted shapes, with

Style Factor = {
intermediate values for intermediate shapes

1.0 for polyurethane foam, ordinary or California
0.4 for cotton batting

1.0 for mixed materials filling

0.4 for polychloroprene foam*

Padding Factor =

1.0 for thermoplastic fabrics {(fabrics which melt
prior to burning)

i i tton; al .
Fabric Factor = g:e, f;):c .)cellulosxc fgbncs {(cotton; elso reyon

0.25 for PVC/PU type coverings**

*Estimate based on extrapolation from eerlier work,  This value would also be ap-

plicable to the best availeble highly retardant treated polyurethane foams but in practice
this distinction cannot be made without detailed testing.
**This is an extension based on recent unpublished work. Into this group of coverings are
placed those which have a thick layer ol polyvinylchloride {PVC) or polyurethane (PU)
material supported on a fabric scrim. The construction is often found in washable waiting
toom chairs and in imitation leather chairs, '

Description of predictive correlation for
determining peak heat release rate (in kilowatts)
for upholstered chairs similar to those tested by
Babrauskas [Reference 62]
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Burning rates for pools with D > 0.2 m can be estimated on the basis of
the equations

m = ms (1 — o),
and
é = Akgo fh' . A

with appropriate values taken from the table. The largest causes of uncer-
tainty are believed to stem from effects of wind and of lip height. In the
worst case this can introduce an uncertainty of the order of a factor of 2. Ad-
ditional investigations are needed to provide better estimates in these
areas,

NOMENCLATURE

pool area (m?)

lip height (m)

pool diameter (m), = AA/x for noncircular pools
lower heat of combustion (kJ per kg)

total heat of vaporization or gasification (kJ per kg)
extinction coefficient (m-?)

pool mass loss rate (kg per m? per s)
infinite-diameter pool mass loss rate (kg per m? per s)
convective heat flux (kW per m?)

miscellaneous heat loss flux (kW per cm?)

re-radiant heat flux (kW per m?)

flame temperature (K)

wind speed (meters per second)

second

mean beam length corrector (—)

Stefan-Boltzmann constant (5.67 X 10-"* kW per m? K4

ALTRROAR
LI O 1 1 I O 1 T I

Q3§

i
saa
k

Q'@nﬂ:i

Fi : . )
gure 40: Correlation for estimation of large pool fire tuel

mass consumption rate [Reference 67)
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Table 25: ?arametet values recommended by Babrauskas for use
in correlation described in Figure 40 (note that
nomenclature matches that of Figure 40) [Reference

67}
Data for Large Pool Burning Rate Estimates
Density Ak,  &h, m3 &8 EOT
Material &kgmy G&Ikg) MIkg) &kg/m'-s) ) ) (K)
Cryogenics

Liquid H, 700 4“2 1200 0.169 (£0.006) 6.1 (£04) — 1600
LNG (mostly CHJ) 418 619 80.0 0.078 (£0.018) 1.1 (x0.8) 0.5 1500
LPG (mostly C,H,} 685 426 46.0 0.099 (£0.009) 1.4 (£05) 04 -

Alcohols
Methanol {CH,OH) % 1230 20.0 0.017 (£0.001) . — 1300
Ethano! (C,;H,OH) 794 1000 268 0.015 (+0.001) . 04 1490

Simple Organic Fuels
Butane (C.H,J 573 370 45.7 0.078 (£0.003) 2.7(x03) — —
Benzene {C.H.) 814 500 40.1 0.085 (£0.002) 2.7(£03) 4.0 1460
Hexane {C H.J 650 450 44.7 0.074 (£0.005) 1.8 (£04) — 1300
Heptane (C.H,J) 616 505 446 0.101 (£0.009) 1.1 (£03) — -
Xylene (CoH ol 870 655 40.8 0.090 (£0.007) 1.4 (+03) — —
Acetone {C,H,0) %1 870 258 0.041 (£0.003) 1.9 (x03) 08 —
Dioxane (C,H.0,) 1035 830 26.2 0.018* b5.4* - -
Diethyl ether (C.H,J0} 714 385 34.2 0.085(+0.018) 0.7(+03) — ~—
Petroleum Products .
Benzine 740 -— 44.7 0.048 (£0.002) 8.6 (£04) — -
Gasoline 740 330 43.7 0.055 (£0.002) 2.1 (£0.3) 2.0 1450
Kerosene 820 670 43.2 0.039 {£0.003) 3.5(10.8) 26 1480
JP4 760 - 4€3.5 0051 (£0.002} 8.6(x£0.1r — 1220
JP6 810 700 €3.0 0.05¢(+0.002} 1.6(+03) 05 1250
Transformer oil,
hydrocarbon 760 - 46.4 0.039° 0.7 — 1500
Fuel oil, beavy $40-1000 - 39.7 0.035(x0.003) 1.7(206) — —
Crude oil 830-880 -— 42.5-42.7 0.022-0.045 28 (204} — —
Solids
Polymethyl-
methacrylate 1184 1611 248 ©0.020(+0.002) 3.3(+08) 1.3 1260
* Value independent of diameter in turbulent regime
* Only two data points svailable

* Data from [14] excluded; otherwise m2 = 0.064 (10.010) and A8 = 5.3 (£6.0)
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Table 26: Critical fire temperatures for hydrocarbon liquids
and ignition times for deep pools exposed to 1.2
meter diameter heptane pool fire [Reference 71)

Flash  Fire Auto- Ignition

Liquid Point Point Ignition Time

(K) {K) Temp, (K) (s)
#2 Fuel 0il 397 402 533 150
#6 Residual 0il 419 450 €05 120
Mobil DTE-797 480 497 639 255
Pennzoil 30-HD 489 514 €50 162
Fyrquel 220 530 586 639 130*

*The fire plume was tilted over the Fyrquel 220
(see plan view, Figure 2-1)

Table 27: Unconfined spill depths for hydrocarbon ligquids on
epoxy-coated concrete and steel [Reference 71)

Liquid Spill Depth (mm)
#2 Fuel oil 0.22

#6 Residual oil NA

Mobil DTE 797 0.34
Pennzoil 30-HD 0.75
Fyrquel 220 0.84
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Figure 42: Schematic of large-scale experiment using a heptane
source fire of diameter 1.2 m. Cylinders
containing the high-fire-point liquids are placed
noncontiguous with, but adjacent to, the heptane
source fire [Reference 71]
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Table 28: Results of liquid fuel spray fire tests [Reference

72]
Total . Air
Fluid Spraying heat Radiative consumption
Fluid temperature rate output contribution (kg per kg .
type (*C) (as-?) (kJ 9-Y) (%) of fluid)
Mineral oil 30 3.6 23.9 34 13.6
35 3.7 25.2 37 13.4
40 3.6 25.4 39 13.5
- 40 4.0 30.5 44 . 14.7
40 4.0 31.5 46 14.2
50 3.3 26.9 36 14.8
65 3.5 32.9 44 14.8
Water-in-oil 30 4.5 18.7 33 7.8
emulsion 30 4.6 18.9 32 9.3
40 4.4 16.3 26 8.5
60 4.0 17.2 26 6.0
65 3.7 18.5 25 8.0
65 3.8 17.8 23 8.8
Phosphate a5 5.8 19.8 a7 7.8

oster 40 5.8 19.5 40 6.5
40 5.8 18.9 42 6.0
40 5.2 18.7 52 7.6
50 5.3 18.0 44 7.8
55 4.3 20.6 49 7.9
60 4.3 20.0 48 6.6
4.9 5.3 13 2.7

Water—glycol A 40 .
Water—glycol B¢ .

¢ This fiuid had too low a heat output for accurate measyrement.



Table 29: Summary of results from Table 28 for fluids at 40°C
(Reference 72])

Air
Heat Radiative consumption
output contribution (kg per kg

{(kJ g-1) (%) of fluid)
Mineral oil* 29.1 43 14.1
Water-in-oil emulsion 16.3 26 8.5
Phosphate ester* 19.0 45 6.7
Water—glycol (Ain Fig.2) 5.3 13 2.7

s Averages of 3 values.

Table 30: Comparison of actual heat of combustion from high
pressure spray fire to total heat of combustion from
calorimeter testing [Reference 72)

8
A Total heat
Calorific value output from )

(gross) Table 1 Ratio

Fluid type {kJ g1} (kJ g-?) B/A

Mineral oil 44.9 27.8 0.62
Water-in-oil

smulsion 5.7 17.9 0.70

ohosphate ester 30.8 19.4 0.63

Water—glycol 14.7 5.3 0.36
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Table 31: Effect of external heat flux on heat release rate
and time to ignition behavior of wood-based
materials [Reference 18]
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Table 32: Effects of fire retardant treatment on heat relgase
rate and time to ignition behavior of Douglas f1ir
lumber [{Reference 18]

Tims to Time to Mesn HRR kW/w® 10-ain Totsl
No. of Igntction Pesk HRR Pirst l-win Firet 3-uin Heat Release
Material Tests Sec Sec Peak Aversge Average Beu/fe? (W/w?)
Southern pine lumber, 2 x 8 $ 17 60 134 96 ’ 109 3080 (57.69)
Douglas fir lumber, 2 = 6
Untreated 4 15 28 98 59 18 3990 (45.31)
(2 of Southern pine) (88) 7 (5} (61) ) (719)
Treated - A [ >3 585 b} ? 13 940 (10.67)
(X of untreated) (>200) (2089) (33) (12) (17) (24)
(2 of Southern pine) (>176) (975) (24) (7 (12) (19)
Douglas fir plywood, 19/32"
Untreated 2 13 17 115 90 70 3420 (33.84)
(2 of Southern pine) (76) (28) (86) (94) (64) (67)
Treated - B 2 14 19 80 26 26 1410 (16.01)
(2 of untreated) (108) 12) (70) (29) (37) (41)
(2 of Southern pine) (82) (32) (60) @n (24) (28)
Douglss fir plywood, 1/2"
Treated - B ) 15 21 91 39 ) 1720 (19.53)

(% of Southern pine) (a8) (s (68) (61) (28) (34)
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Table 33: Summary of heat release rate behavior of wood-based
materials [Reference 18)
HRR, kW/m? 10-=in
Mean Time to Piret l-win Pirst S—win Total Nest
Density Peak MR, Peak Average Average Pu/fe? ou/-’;
NMassrial a/n Sec. Mean  C° _ Mem G Mesa GO Mesa . G
Lumber
Southern pipe 2 x 8 SA0 » 187, 20c 122, 19 122 L 3815, (66.04) s
Douglas fir 2 2 8 490 - 209° 20 19" 20 105° 12 $022° (57.03) 11
Douglas fir 2 x 6 450 12 217 19 152 23 116 11 $710 (64.88) 10
Recwood 2 % 8 380 15 21 12 113 17 N 12 1950 (44.86) 11
Plyvood Douglas fir h
19737 540 27 251 18 141 9 117 17 $280 (59.96) 19
510 a4 211 26 133 3 9 7 AB70 (35.30) 7
Treated
Dougles fir lumber 2 x 6 540 528 119 14 18 20 28 20 1710 (19.42) 35
Dougles fir plywd 12.7mm(1/21n) 56C 27 107 14 51 32 & 13 1980 (22.48) 6
Doug. fir plywd 15.1ma(19/324n) 540 21 182 6 9 2 S VIR T 1780 (20.21) 41
Particleboard 5/8" 750 57 250 18 126 1 153 14 7100 (80.63) 17
Acoustical tile A 12.7sm(1/21n) 290 21 142 26 8s 20 n 2 2760 (31.34) 38
Acouatical tile B 12.7sm(1/2¢n) 300 24 201 8 1s 25 87 26 3760 (42.70) 31
Bdbd paper-faced 11.1ma(7/164n) 720 30 375 10 157 I 158 3 7330 (83.2¢) 7
Nardbd, embossed 9.5wm(3.84n) 870 276 269 16 119 ¥ 11 1 -~ -

‘Coefflcieut of variation, percent

b

csz.nd-rd deviation from regression as percent of estimate mean

Zetimated from NBS-1 calorimeter values and NBS-1 R veraus NBS- regression in Table 9
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Table 34: Summary of heat release rate and time to ignition
behavior of wood-based materials [Reference 18]
i Time to Time to | _ _ —_ Hean_HRR _ e 10-min. Totasl
L Ignition | Peak HRR Pesk First l-win. Avg. | Firet S-amim, Avg. Heat Releass |
No, of 1 of 2 of 1 ot T of % of Btu/fr2 1 of
Material Tests|Sec.  SP*Sec.  sP |kw/m? _ sP ki/m? __ SP ki/m?  SP (L) sp
Southern pine, 2x8 1br., s |17 1000 60  100| 134 100 96 100 109 100 |5080 (57.69) 100
Douglas fir, 2x8 lbr. 3 | w 79| 40 67] 124 93 89 9 79 72 |3860 (43.83) 76
Douglas fir, 2x6 lbe. 4 |15 88| 28 &7 98 n 59 61 78 72 |3990 (43.31) 79
Redwood, 2x8 1lbr. 9 | n 65| 20 33 118 88 95 99 n 65 [33s2 (38.07) 66 |
bouglas fir, 19/32" ply.] 2 | 12 nl n 28} 115 86 90 9 70 6 | 3420 (38.84) 67
Pouglas fir, 3/4" ply. 3 8 7 19 32{ 119 89 98 102 82 75 | 3820 (43.38) 75
Particlebosrd, 5/8" 3 |2 153 106 173 132 99 95 99 109 100 |5180 (58.82) 102
Acoustical tile - A s {10 s9f 62 103] 96 712 68 n 61 56 - -
Acousticsl tile - B [} 9 53] &1 63| 100 75 83 86 63 60 - -
Hardboard, 7/16" m.d,,
peper-faced o |25 147 29 48| 355 265 150 156 118 108 - -
Hardbosrd, 3/8% m.d.,
enbossed 3 |2 124 197 328 138 118 9% 98 120 110 - -
Hardboard, 5/32" h.d. 3 | » 194] 153 2s55| 380 284 12 117 - - - -

*SP = Southern pine




vi2ec [i:.,, -4, @ . r(t)]
vhere |

S 2 2
P(t) =1 - "‘?('E'p%) ufc"%z-

- b/t'.tstm

l1 ,t»> t

and vhere V - flame spread velocity

c - specific heat
C - flame spread parameter.
h - heat loss coefficient

k'- thermal conductivity
t

§ - critical flux for ignition

0,1g
&:(x) - external radiant flux
b - parameter in equation

t - time

t characteristic equilibrium time
o = density

Use of F(t) accounted for the transient heating of the solid.

Figure 45: Correlation for predicting flame spreed velocity of
wood surfaces as recommended by Quintiere and
Harkleroad and presented by Lee [Reference 21]
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Table 35: Parameters for use in correlation presented in
Figure 45 as recommended by Quintiere and Harkleroad
and presented by Lee [Reference 21])
Critical flux
Critical for ignition
flux C
for spread (1) (%)*
" ” L]
qo.az 12, qo.isz qo.182 _:/2 t
Material (W/ca®) <i) (5"—‘-) (W/cm®) W/ cm®) (Cli) (s)
Plywood, Plain (0.635cm) 0.4 1.8 1.2 1.6 0.07 190.
Plywood, Plain (1.27cw) 0.3 1.5 1.4 1.6 0.07 225,
Hardboard (6.35um) 0.4 5.8 1.0 1.0 0.03 1190.
Hardboard (3.175m) 0.1 2,2 1.3 1.4 0.05 420,
Hardboard S159M 0.1 1.8 1.5 -— — —
Particle Board (1.27ca 0.9 3.2 1.7 1.8 ' 0,05 342.
stock)
Douglas Fir Particle Board 0.6 2.0 1.7 1.6 0.05 395.
(1.27cm)
Chipboard (S118M) 0.4 2.2 1.6 - ‘ - -
Wood Panel (S178M) 0.4 1.1 1.6 -— -— —_
Fiberboard, low demaity 0.1 1,3 1.2 — - _—

(s119¢)

*from intersect of V

-1/2
ve q F(t)
o
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6.6 Liter Wastebasket
(1.75 gallon)

This ignition source consists of a 6.6 liter model

#2952 Rubbermaid wastebasket, which contains twelve

.98 £. (1 quart) milkcartons. Tke wastebasket is made

of high density polyethylene and weighs 0.23 kg. (1.5 1b.)
The mild cartons are of cardboard construction and have

2 low molecular weight polyethylene coating. The total
weight of the milk cartons is 0.45 kg. (1.0 1b.).

The cartons are obtained in their folded condition.
Half of the 12 cartons are opened to form open tubes
and are placed upright in the wastebasket. The
remaining six cartons are torn into pieces measuring
approximately 50-75 mm. (2-3 in.) square. These
pieces are then placed within the tubes formed by the
upright cartons,

Ignition of this source is accomplished by ignitirg
one of the torn pieces of 3 milk carton and dropping
it into the centermost upright carton. Fire then
spreads radially outward, igniting the remaining milk
cartons.

For the first three minutes combustion takes place
mostly among the milk cartons. During the four to

Figure 46 (a) - (i):

seven minute period both the wastebasket and the milk
cartons burn, -After seven minutes the milk cartons have
been entirely consumed leaving only the remaining poly-
ethylene to contribute to the fire.

Time Ceiling {Flame Ht{Cumulative | Rel.rate
min. | Temp.°C | meters [Heat Kcal | Kcal/min.
0-1 60.0 0.99 230 230
1-2 65.0 0.78 aa 2n
2-4 95.0 0.99 1566 703
4-5 85.0 1.04 2251 415
6-8 55.0 0.88 3567 9N
8-10 45.0 0.53 4579 506

Description of test fuel sources and

summary of test results for UCB/LBL Ignition Source
Fire Tests [Reference 75]
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121 Liter Wastebasket
(32 gallons)
; - Time Ceiling |Flame HtJCumulative | Rel.rate
This ignition source is similar to the 6.6 £. ; :
waste can in nature. It is ma?e from ; Loma min. | Temp.°C { meters |Heat Kcal| Kcal/min,
Corporation model #364 121 £. (32 gal.) poly-
ethylene waste container with 72, .95 £. milk 9-1 370 2.43 1734 1734
cartons. The filling and ignition procedure are
similar to the 6.6 £. (1.75 gal.) container in 1-2 330 2.43 9184 7450
every respect. Half of the containers are opened
to form tubes and the other half are torn in
half and inserted into the open tubes. The last 2-4 840 2.43 23133 8754
half container is used as the igniter and placed
in the center of the waste can. Fire then spreads . 4-6 840 2.43 29300 6165
radially outward from the point of ignition.
6-8 670 1.82
8-10 400 1.52

Figure 46-b.
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1 Aircraft Trash Bag
This ignition source consists of the following :
components: Time Ceiling | Flame HtlCumulative Relirate
n :
11 Po}yethylene bag 0.038 kg. .084 1bs. min. | Temp.°C | meters |Heat Kcal { Kcal/min.
2 Polystyrene cups 0.159 kg. .35 1bs. _
17 Paper cups 0.068 k3. .15 1bs. 0-1 NS [ 129 | 1990} 19%0
Paper towels 0.907 kg. 1.99 1bs. )
Total 1.172 kg.  2.57 1bs. 1-2 160 | 1.65 | 4275 2285
" This ignition source is assembled by fluffing the 2-4 160 1.04 5291 754
paper towels and then adding the towels and the cups
to the bag so that the cups are evenly dispersed. The
bag is then placed against the materia) and secured 4-6 85 46 5606 105
in place using a wire Toop around the center of the
bag. Ignition of the source is accomplished by 6-8 75 3 5816 105
igniting one of the paper towels on top of the open
bag. The fire then spreads radially outward to 8-10 50 3 6026 105
include the entire top surface of the bag.

The maximum total heat flux .914 m (3 ft.) from the
floor and .356 m (14 in.) from the corner was 0.99
w/cm? and at 1.83 m (6 ft.) it was 1.55 w/cm2.

Figure 46-c.
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2 Aircraft Trash Bags
[Time Ceiling [Fiame RtJCumuiative | Rel rate
This ignition source is composed of 2 aircraft min. | Temp.°C | meters |Heat Kcal jKcal/min.
trash bags as described previously. Each bag
is identical to the single trash bag ignition 0-1 290 1.83 2661 2661
source.
1-2 390 .
The maximum total heat flux at .914 m (3 ft.) from 1.83 6918 4254
the floor and .356 m (14 in.) from the corner was
2.44 w/cm? and at 1.83 m (6 ft.) from the floor was 2-4 370 1.0 9954 2096
2.77 w/em2,
4-6 190 .61 11159 1048
6-8 125 .46 11368 105
8-10_ 90 .25 11578 105

Figure 46-d.
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Figure 46-e.
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3 Aircraft Trash Bags
[ Time | Ceiling | Flame At]Cumulative | Rel.rate
min. | Temp.°C | meters Heat Kcal|Kcal/min.
This ignition source is composed of 3 aircraft
trash bags as described previously. Each bag 0-1 330 1.37 5029, 5029
is identical to the single trash bag ignition
source. 1-2 380 2.29 9744 475
The maximum total heat flux at .914 m (3 ft.) from
the floor and .356 m (14 in.) form the(cornel was 2-4 320 2.07 14721 3353
4.2 w/cm? and at 1.83 m (6 ft.) from the floor it
was 3.76 w/cm2, 4-6 190 1.37 16607 943
6-8 175 .61 17446 577
8-10 135 .25 17812 209
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Rubbish Bag

The contents of this ignition source are as follows:

Straw and grass cuttings 1.55 kg. 3.45 lbs.
Eucalyptus duff 2.47 kg. 5.42 1bs.
Polyethylene bag 0.04 kg. .13 1bs.

Total 4.08 kg. 9.00 1bs.

This ignition source was assembled by placing
approximately equal volumes of straw, grass cuttings,
and Eucalyptus duff in a Mobil Kordite polyethylene
125 £. (32 gal.) trash bag. The contents are tho-
roughly mixed before being placed in the bag in a
loose manner, so as to produce a pessimized burning
situation. The bag is then placed in the corner,
against the specimen and ignited with a small propane
torch.
The flames spread rapidly outward from the point of
ignition. The bag burns fairly uniformly from top to
bottom. The straw and grass along with Eucalyptus
leaves burn first leaving the small twigs and sticks
to burn more slowly.

The top center of the bag is the area ignited.

The data presented is the average of three tests.

The maximum heat flux at .752 m (2.5 ft.) from the
floor and .20 m (8 in.) from the corner was 7.44 w/cm?
and at 1.52 m (5 ft.) from the floor it was 6.13 w/cm?

Time Ceiling | Flame HtJCumulative | Rel.rate
min. | Temp.°C | meters |Heat Kcal | Kcal/min.
0-1 163 1.77 2866 2866
1-2 217 2.07 7779 4913
2-4 217 1.92 15469 4868
4-6 102 1.22 18835 1956
6-8 21429 1411
8-10 23431 1046

Figure 46-f.
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6.36 Kg. Wood Crib
' (14 pounds)
This ignition source has a dry wood weight of 6.36 kg. Time [ Ceiling [Fiame Htilumulative | Rel.rate
(14 1bs.). It {s fabricated from 28, 38mm x 38mm min. | Temp,°C | meters [Heat Kcal|Kcal/min.
x 355mm {1 1/4" x 1 1/4" x 14") pieces of Douglas Fir 0
which are arranged in eight layers. The two bottom -1 242 -6 1336 | 133
layers consist of four sticks while the six upper
layers consist of four sticks each. The finished 1-2 230 1.22 4008 2672
dimensions of this crib are 355mm x 305mm (14" x 14"
x 12"). 1gnition of the crib is accomplished by
igniting 100 cc (95 quarts) of JP-4 contained in a 2-4 248 1.22 7348 1782
254mm square pan located beneath the crib.
: 4-6 248 .91 1
The maximungeat(flux §t 762 m (2.5 ft.) from the ) 1356 2004
floor and .20 m (8 in.) form the corner was 7.09 w/cm 6-8 226 .
and gt 1.52 m (5.0 ft.) form the floor it was 3.03 9 14473 1959
w/em2,
/em 8-10 | 269 .9 17590 1559

Figure 46-g.
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9 Kg. Wood Crib
(20 pounds)
R . Time Ceiling |Flame Ht[Cumulative { Rel.rate
This ignition source has a dry wood weight of 9 kg. ; ° s [Heat Kcal | Kcal/min.
(20 1bs.). It is fabricated from 40, 38mm x 38mm min. | Temp.’C | meter
x381mm pieces of Douglas Fir which are arranged in 0-1 17 1.07 891 891
eight layers with five pieces per layer. The finished
dimensions of this crib are 38Imm x 381mm x 305mm
(18" x 15" x 12"). lgnition of the crib is accomplished 1-2 220 1.22 3562 2671
by igniting 100cc of JP-4 contained in a 254mm (10"0
square pan placed beneath the crib. 2-4 304 1.29 9352 3118
The maximum heat flux at .762 m (2.5 ft.) from the
floor and .20 m (8 in.) from the corner was 8.9 w/cm? 4-6 278 1.22 15364 mns
-and at 1.52 m (5.0 ft.) from the floor 1t was 5.05
w/cm2, 6-8 295 1.22 21153 mnz
8-10 347 1.37 26752 2895

Figure 46-h.
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This ignition source has a dry wood weight of 13.65 kg.
(30 1bs.). It is fabricated from 60, 38mm x 38mm
x381mm (1 1/4" x 1 1/4" x-15") pieces of White Fir,

The finished dimensions of this crib are 381 mm x 381mm
x 457 mm (15" x 15" x 18"). The final moisture
content of the crib is about 8%. The crib is placed
against the test specimen and is supported on bricks to
provide a 76mm (3 in.) space between the bottom of the
crib and the compartment floor. .45 kg. (1 1b.) of
shredded, fluffed wood excelsfor is distributed

beneath the crib and covers an area of approximately
533mm x 533mm (21" x 21"). . The wood excelsior is
soaked with .118 £, (.008 qt.) of absolute ethyl
alcohol prior to the start of the test. At the start
of the test the outside corner of the wood excelsior

is ignited which in turn ignites the alcohol and

. provides uniform ignition of the wood crib.

13.64 Kg. Wood Crib
(30 pounds)

¢ 3 °r
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Time {min) Time {mn)
Time Ceiling |[Flame HtJCumulative | Rel.rate
min., | Temp.°C | meters |Heat Kcal | Kcal/min.
0-1 206 1.52 233 233
1-2 370 2.44 466 233
2-4 370 2.44 6491 3346
4-6 328 2.44 13854 3793
6-8 476 2.44 23322 4239
.8-10 604 2.44 3081 4685

Figure 46-i.
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Figure 47: Summary of UCB/LBL Ignition Source Fire Test heat
release rates [Reference 75]
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Table 36: Description of fuel sources tested during SNL
Ignition Source Fire Tests [Reference 48}

In Experiments 1 and 2 the fuel was 18.9 liters (5 gallons) of
heptane. The heptane was contained in a steel pan .3 m (1 ft)
wide, 1.5 m (5 ft) long, and .25 m (10 in) deep. The pan was
placed on the fire platform adjacent to the wall and filled to
a depth of .11 m (4.5 in) with water before adding the
heptane. In Experiments 6, 7, and 8 the fuel was 3.8 liters
(1 gallon) of heptane. The same pan and the same amount of
water used in Experiments 1 and 2 was used in Experiments 6,
7, and 8. The approximate potential heat of combustion for
the 18.9 liters (5 gallons) of heptane was calculated to be
613 MJ; for the 3.B liters (1 gallon), it was calculated to be
123 MJ, these values are shown in Table B-1.

The fuel source in Experiments 4 and 11 was simulated plant
trash. The trash consisted of 11.4 kg (25 1b) of rags, 7.7 kg
(17 1b) of paper towels, 5.9 kg (13 1b) of plastic products
{gloves and tape), and 7.5 liters (2 gallons) ( 5.9 kg) of
methyl alcohol evenly mixed and placed in two plastic trash
bags (approximately 40 gallon size). The two bags of simulated
plant trash were placed on the fire platform adjacent to the
wall. The approximate potential heat of combustion of the
simulated plant trash was approximately equal to that of 18.9
liters (5 gallons) of heptane.

In Experiment 3 the fuel was 9.1 kg (20 1b} of computer
paper. The computer paper was crumpled up and divided into
two plastic trash bags. The two bags of paper were placed on
the fire platform adjacent to the wall. The approximate
potential heat of combustion of the computer paper was about
egqual to 25% that of 18.9 liters (5 gallons) of heptane.

The fuel in Experiment 9 was 36.4 kg (80 1b) of computer
paper. The computer paper was divided into two plastic bags
with 2.3 kg (5.50 1b) crumpled up and 15.9 kg (34.95 1b)
folded in each bag. The two bags of paper were placed on the
fire platform adjacent to the wall. The approximate potential
heat of combustion of the computer paper was approximately
equal to that of 18.9 liters (5 gallons) of heptane.

In Experiments 5, 10, and 12 the fuel was 13.6 kg (30 1lb) of
computer paper and two large (approximately 50 gallon) plastic
trash cans weighing 7.5 kg (16.5 1lb) each. The computer paper
was crumpled up and divided into the two plastic trash cans.
The two plastic trash cans were placed on the fire platform
adjacent to the wall. The approximate potential heat of
combustion of the computer paper and plastic trash cans was
about 75% of that of 18.9 liters (5 gallons) of heptane.

In Experiment 12, two vertical cable trays were placed between
one of the trash cans and the wall. The two trays were six
inches out from the wall, one with 43 IEEE-383 qualified
cables (12.5% fill) (same type as used in the UL 20-ft tests)
and the other was empty. One of the trash cans was centered
between them. The cable tray was a steel ladder type tray 3 m
(10 ft) long, .5 m (18 in) wide, and .1 m (4 in) Qdeep.
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Table 37:

Trash Pire Tests 1 and 2

Puel:

configurations and test results

1 qt. acetone in polyethylene wash bottle

16 oz. box of "Kimwipes™
12%x16"x12" cardboard box (395 9

Burn duration:
Peak time:
Peak HRR:

Comnents:

Trash Fire Tests 3 and 4

Fuel:

-0v1-

Burn duration:
Peak time:
Peak HRR:

Comments

30 min
3.5 min
119 kW

Essentially all of the fuel was consumed by the
fire. The two tests show very good repeatability.

1 qt. acetone in polyethylene wash bottle
16 oz. box of "Kimwipes"
2.5 qal. polyethylene bucket

48 min

4 and 35 min
3@ kW (typical) 126 kW (test 3)

In test 3 the acetone was observed to spill from
the bucket causing a sudden surge in the heat
release rate not observed during other similar
tests., Other tests show good repeatability.

Trash Fire Tests 5 and 6

Fuel:

12"x16"x12" cardboard box

15 1bs of folded white camputer paper
1-1/2 lbs of crumpled paper

Burn duration:
Peak time:
Peak HRR:

Comnents:

15 min
2 min
26 kW

In each case a moderate fire developed in the
crumpled paper. Very little of the folded paper

was consumed leaving a large percentage of the fuel

unburned sfter the test. The two tests do show
excellent repeatability.

Trash Fire Tests 7 and 8

Fuel:

Summary of SNL Trash Fire Test source fuel

S gal polyethylene trash can

plastic liner
1 1b of cotton clean room rags
3/4 1b of crumpled paper

Burn duration:
Peak time:
Peak HRR:

Comments:

Trash Fire Test 9

Fuel:

69 min
12 min
28 kW

The rags and crumpled paper were mixed evenly into
the trash can. Most of the fuel was consumed. A
significant amount of plastic did remain following
fire burn out.

39 gal. polyethylene trash can (8.5 lbs.)

plastic liner
3.3 1bs, of crumpled paper
2.8 lbs, of cotton clean roum rags

Burn duration:
Peak time:
Pead HRR:

Camments:

80 min
30 min and 5¢ min
115 kW

The fire developed quickly in the paper and rags
causing melting of the plastic trash can. Once
the plastic had melted a plastic pool fire
resulted. The first peak was due to burning of the
plastic primarily on the side of the paper/cotton
residue nearest the barrier, The second peak
occured as the flames move around to the othe side
of the residue thus finding a large supply of
unburned fuel,
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