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ABSTRACT

Data for the thermophysical and fire properties of plastic parts from two vehicles (1996 Dodge
Caravan- about 73 parts and 1997 Chevrolet Camaro- about 122 parts) and engine compartment
fluids (hydrocarbon fluids- 16 new and 25 used, glycol fluids- five new and one used, and
alcohols- two new and two used) are presented. All the data were measured following 12
different ASTM Standard Test Protocols, a hot surface ignition temperature apparatus developed
by GM, and by slightly modifying the ASTM E2058 FPA test procedure for the fluids.

The thermophysical and fire properties of plastic parts and engine compartment fluids
show good correlations and provide information for the usefulness of the properties as inputs to
models or tools to assess hazards and passenger survivability in vehicle crash fires.

Flame spread is one of the key behaviors specified for the acceptance criterion of plastics
for vehicle parts in the FMVSS 571.302 standard, which is NHTSA’s regulatory standard test
designed to simulate ignition by a burning cigarette or a match in the passenger compartment.
However, plastic parts, which pass the FMVSS 571.302 standard test requirement, are found to
have rapid flame spread in the ASTM E2058 FPA flame spread test, where large-scale flame
heat flux conditions, typical of vehicle crash fires, are simulated. Therefore, it is recommended
that a fire propagation index (FPI) < 10 (m/s"?)/(kW/m)** be used as a criterion for the
acceptance of plastics for vehicle parts, specially at locations where flames are expected to
penetrate the passenger compartment. A standard based on FPI already exists for the acceptance
of plastics for clean rooms of the semi-conductor industry (ANSI/FM 4910, NFPA 287), which
can be adopted for the acceptance of plastics for vehicle parts. The standard could also include
an acceptance criterion of plastics based on smoke yield < 0.06 g/g (smoke yield for most
common plastics used in the automobile parts, such as polyethylene, polypropylene, and nylon).
Since smoke and CO yields are interrelated (Appendix A-4), plastic acceptance criterion for
smoke would also specify plastic acceptance criterion for CO.

The initial and final boiling points of the engine compartment fluids, which are related to
the flash point, autoignition temperature and hot surface ignition temperature of the fluids, are
useful parameters for the hazard classification of the fluids.

All the reports generated in the studies sponsored by GM are listed in the NHTSA web
page (www.nhtsa.dot.gov) and studies sponsored by NHTSA, and MVFRI in the MVFRI web

page (www.mvfri.org).
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EXECUTIVE SUMMARY

Published results from the reports of the research studies sponsored by General Motor
Corporation (GM), National Highway Traffic Safety Administration (NHTSA) and Motor
Vehicle Fire Research Institute (MVFRI) have been reviewed to assess the passenger

survivability in vehicle crash fires. The results from the review are presented in three reports:

1) Volume I: Post Collision Motor Vehicle Fires;

2) Volume II: Theory and Testing for the Fire Behavior of Materials for the
Transportation Industry;

3) Volume III: Thermophysical and Fire Properties of Motor Vehicle Plastic Parts

and Engine Compartment Fluids.
This volume deals with the thermophysical and fire properties of plastic parts of vehicles and
engine compartment fluids and relationships between them. The plastic parts were taken from a
1996 Dodge Caravan (about 73 parts) and from a 1997 Chevrolet Camaro (about 122 parts).
Both new and used engine compartment fluids from different vehicles were used. The fluids
consisted of hydrocarbons (16 new and 25), glycols (five new and one used) and alcohols (two
new and two used.

The thermophysical properties of plastic parts measured were: chemical composition,
melting point (Tr), glass transition temperature (Tglass), heat of fusion (AHrusion), density (p),
thermal conductivity (K), heat capacity (Cp) , and temperature of vaporization or decomposition
(Tv or ). The fire properties of the plastic parts measured consisted of critical heat flux (CHF)
and thermal response parameter (TRP) for ignition, heat release parameter (HRP), fire
propagation index (FPI), heat of combustion (AHch), and yields of products (Y;).

The thermophysical properties of engine compartment fluids measured were: density (p),
boiling point (Tp), distillation temperature and fraction, heat capacity (Cp), flash point (Tfiash),
fire point (Tsire), hot surface ignition (Thet), autoignition temperature (T,), upper and lower
flammability limits (UFL and LFL), and heat of vaporization (AH,). The fire properties of
engine compartment fluids measured consisted AH¢n and ;.

The thermophysical properties of plastic parts suggested that most of the plastics in
vehicle parts were melting type, easy to ignite with rapid flame spread and burned as high heat

release rate molten plastic pool fires. It was possible to describe thermal penetration from the
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surface to the interior of the plastic by the combination of thermophysical properties,

ATy ord+/Tkpcy /4, defined as TRP, which agreed well the TRP value determined from the

measured data for time-to-ignition at various external heat flux values (ignition tests).

Flame spread rate was measured in the FMVSS 571.302 standard test, GM modified
9833P test and in the ASTM E2058 FPA. The heat exposure to the sample surface was lowest in
the FMVSS 571.302 standard test (simulates burning cigarette or match in the passenger
compartment), intermediate in the GM modified 9833P test and highest in the ASTM E2058
FPA test (typical heat flux expected in the motor vehicle crash fires). Thus, flame spread rate
measured in the FMVSS 571.302 standard test, was lowest and did not agree with the rate
measured in the GM modified 9833P test, where plastic surface was heated to 121 °C. The flame
spread rates from these two tests did not agree with the rate measured in the ASTM E2058 FPA
(expected flame spread behavior based on the FPI value determined from the data measured
under simulated large-scale heat flux values, typical of vehicle crash fires).

For majority of the plastic parts from a 1996 Dodge Caravan and 1997 Chevrolet
Camaro, the FPI values are greater than 11 (m/s"?)/(kW/m)*>. For plastics with FPI values < 6
(m/s"?)/(kW/m)*?, there is no flame spread beyond the ignition zone. For plastics with FPI
values > 6 (m/s"?)/(kW/m)** but < 10 (m/s"?)/(kW/m)*?, flame spread is either limited to the
ignition zone or there is a very slow flame spread beyond the ignition. Therefore, it is
recommended that FPI < 10 (m/s"?)/(kW/m)** be used as a criterion for the acceptance of
plastics for vehicle parts, specially at locations where flames are expected to penetrate the
passenger compartment. It would be easy to adopt the FPI based standard as a standard already
exists for the acceptance of plastics for clean rooms of the semi-conductor industry (ANSI/FM
4910, NFPA 287). The standard could also include an acceptance criterion of plastics based on
smoke yield < 0.06 g/g (smoke yield for most common plastics used in the automobile parts,
such as polyethylene, polypropylene, and nylon). Since smoke and CO yields are interrelated
(Appendix A-4), plastic acceptance criterion for smoke would also specify plastic acceptance
criterion for CO.

The measured data for the engine compartment fluids show that the flash point of
a fluid = 0.63 x initial boiling point; autoignition temperature = 0.63 x final boiling point, and hot

surface ignition temperature = 0.54 x final boiling point. Thus, initial and final boiling points,
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which are related to the flash point, autoignition temperature and hot surface ignition
temperature, are useful parameters for the classification of the fluids.
This volume has been organized in two chapters and seven appendices (four for plastic

parts and three for the engine compartment fluids) as follows:

Chapter 1 Thermophysical and Fire Properties of Vehicle Plastic Parts;

Chapter I1 Thermophysical and Fire Properties of Engine Compartment
Fluids;

Appendix A-1 Vehicle Parts and Their Compositions;

Appendix A-2 Mini-Scale Test Data for Plastic Parts;

Appendix A-3 Small-Scale Test Methods for Plastic Parts;

Appendix A-4 Small-Scale Test Data for Plastic Parts;

Appendix B-1 Test Methods Used in the Quantification of the Engine
Compartment Fluid Properties;

Appendix B-2 Thermophysical and Fire Property Data from the Literature and
their Relationships for Fluids;

Appendix B-3 Engine Compartment Fluids Examined and Their Thermophysical

and Fire Properties.

vi
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CHAPTER1

THERMOPHYSICAL AND FIRE PROPERTIES OF VEHICLE PLASTICS PARTS

1.1 INTRODUCTION
The non-metallic parts of vehicles are made from plastics that are inherently flammable and
contribute to vehicle fires, especially in crashes. Thus, for the assessment of hazards to
passengers by burning plastics in motor vehicle crash fires, data are needed for their
thermophysical and fire properties. Because of this need, thermophysical and fire properties of
plastics used in vehicles have been quantified using mini-scale and small-scale tests in the
studies sponsored by General Motors (GM), Motor Vehicle Fire Research Institute (MVFRI),
and National Highway Safety Traffic Administration (NHTSA).

The motor vehicle plastic parts selected for the quantification of the properties were taken
from a 1996 Dodge Caravan and from a 1997 Chevrolet Camaro. These parts are listed in
Appendix A-1 in Tables A-1-1 to A-1-7. Base plastics in the selected parts from a 1997 Ford

Explorer model were also identified (Table A-1-6), but their properties were not quantified.

1.2 THERMOPHYSICAL PROPERTIES
Thermophysical properties were measured using mini-scale tests, performed by GM and the
Southwest Research Institute (SwRI) [1,2,3,4,5,6,7,8]. In the tests, standard thermo-analytical
instruments were used with sample masses in the range of less than 1 mg to 15 mg. The
instruments used were Fourier Transform Infrared Spectrometer (FTIR), X-ray Fluorescence
Spectroscope, Thermal Gravimetric Analyzer (TGA), Modulated Differential Scanning
Calorimeter (MDSC), Gas Chromatograph (GC), Mass Spectrometer (MS), microscope, and
precision weighing balances.

The samples used were from a 1996 Dodge Caravan (about 73 parts) and from a 1997
Chevrolet Camaro (about 122 parts). Measurements were made for the following thermophysical
properties:

e Chemical composition (generic nature/type and amount of the fire retardant and inert filler);
e Melting point, glass transition temperature and heat of fusion;

» Density, thermal conductivity, and heat capacity;

e Temperature of vaporization or decomposition.
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The measured thermophysical data of the plastics in vehicle parts are listed in Tables A-2-1 to A-
2-11 in Appendix A-2.

1.2.1 Chemical Composition

Plastics and additives in various parts of the 1996 Dodge Caravan and the 1997 Chevrolet
Camaro used in the tests are listed in Appendix A-1. Data in these tables show that
polyurethane, polyethylene, polypropylene and nylon are the most common plastics in the parts
of these two vehicles.

There are significant variations in the amounts of inorganic fillers in the plastic parts of
the two vehicles. The amounts of organic fillers in the 1996 Dodge plastic parts are smaller and
are of lower variability than those in the 1997 Camaro plastic parts. Since fire resistance of
plastics increases with increase in the amounts of inorganic fillers and decrease in the amounts of
the organic fillers and these amounts are sufficient to modify the fire behaviors of the plastics,

then differences are expected in the burn tests for the two vehicles.

1.2.2 Glass Transition, Melting and Fusion

As a plastic (thermoplastic or elastomer) is heated, it undergoes softening and melting leading to
the formation of plastic melt. The plastic melt either flows away from the heat source, drips as
burning molten drops (possibly igniting other materials in close proximity), or collects and burns
as a liquid pool fire (one of the most hazardous conditions in a fire).

The softening, melting, and flow of plastic melt depend on the plastic morphology,
(amorphous and crystalline nature of the plastic) [9]. Amorphous plastics lack sufficient
regularity in packing of the chains compared to the crystalline plastics. Amorphous plastics
generally exist as hard, rigid and glassy below their glass-transition temperature (Tglass)1 and as
soft, flexible, rubbery materials above the glass transition temperature [9]. The density of a
plastic (p) increases with its degree of crystallinity and is related to the physical and mechanical
properties of the plastics [9]. Properties dependent on the crystallinity (e.g. stiffness, tear
strength, hardness, chemical resistance, softening temperature, yield point) tend to increase with

increasing density for many plastics [9].

! Glass transition temperature is the lowest temperature at which a plastic can be considered softened and possibly
flowable [9].
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The softening, melting, and flow of plastic are generally characterized by Tgiass, the melting point
(Tm)2 and the heat of fusion (AHfusion). Tgass 1S the property of the amorphous region, whereas
Tm 1s the property of the crystalline region. The thermophysical properties quantified in the
studies sponsored by GM and NHTSA are listed in Appendix A-2 in Tables A-2-1 to A-2-4.
Some of the properties show that several plastics are amorphous in nature.

There are significant variations in the Tgass, Tm and AHyusion values for the plastics and
thus these plastics are expected to have different behaviors in crash fires. For example, the Tgyjass,
Tm and AHgysion values for many plastics are low, indicating high tendency to form flowing and
dripping plastic melts and pooling as the plastics are heated in a crash fire. In the vehicle burn
tests and in the tests for the vehicle parts, plastic parts with 1ow Tgiass, Tm and AHyusion values
were found to burn as pool fires of the molten plastics, which strongly affected the fires because
of their increasing burning intensities. Fire retardants are found to be effective in decreasing the

dripping tendencies of the plastics only at low heat exposure as indicated by the data in Table 1-

I.

Table 1-1. Selected Data for Melting, Decomposition or Vaporization for Polypropylene
and Nylon at Low Heat Exposure[10]

Temperature PP-1 PP-2 Nylon 66
oC Property PP (FR) (FR) Nylon 6 (FR)
20 24.4 1.1 12 0.5 0.1
93 . ., 29.9 0.9 0.9 7.8 0.5
121 Melting (Drip %) - 57" 1.7 1.8 10.7 1.1
150 61.7 3.0 2.8 12.0 1.6
20 b y 299 2.4 32 3.9 1.1
93 ejzngf;;tigg or 370 1.9 27 8.6 1.7
121 (Mef)ss Loss %) 70.7 4.6 4.6 11.0 1.9
150 72.1 73 74 12.4 22

1.2.3 Decomposition or Vaporization
The decomposition or the vaporization behavior of a plastic is governed by its thermal stability,
characterized by the vaporization or the decomposition temperature (Ty or ¢ ) [9]. The Ty or a

values are governed by the same factors as Tgjass and Ty, values, namely the chain rigidity and

? The melting point is a temperature at which the thermal energy in a solid material is just sufficient to overcome the
intermolecular forces of attraction in the crystalline lattice so that the lattice breaks down and the material becomes a
liquid, i.e. it melts [9].
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strong inter-chain forces [9]. The values of Ty o, Vaporization or decomposition rate for initial,
major and secondary stages in nitrogen and air, measured for the plastic parts in the GM and
NHTSA sponsored studies, are listed in Appendix A-2 in Tables A-2-5 to A-2-8.

The Ty or a values for the plastic parts of the 1996 Dodge Caravan and 1997 Chevrolet
Camaro are in the range of 240 to 572 °C, compared with the values in the range of 270 to 789
°C for other generic plastics [11]. Plastics with Ty o 4 values that are closer to 240 to 270 have
low resistance to ignition and flame spread and high burning intensity are identified as ordinary
plastics. Many plastic parts from the two vehicles belong to this category and thus would easily
ignite and would have a rapid flame spread and high burning intensity.

Percent weight loss and rate in the decomposition or vaporization of the plastics were
also quantified in the mini-scale tests, data for which are listed in the Tables A-2-5 to A-2-8 in
Appendix A-2. An example of the data for FR treated and untreated PP and nylon are listed in
Table 1-1. The data in the table indicate that the fire retardant treatment of PP and nylon reduced
melting and dripping and enhanced the thermal stability of the plastics at low heat flux exposure.
The effectiveness of the fire retardant treatment at higher heat flux values, typical of motor

vehicle crash fires, however, is not known, as no data were measured.

1.2.4 Thermal Penetration

Various thermophysical properties are used to characterize the thermal penetration from the
heated surface to the inside of the plastics. Important thermophysical properties of plastics for
thermal penetration are density (p), thermal conductivity (k), and heat capacity (¢p). These
properties were quantified in the mini-scale tests for the motor vehicle plastics, which are listed
in Appendix A-2 in Tables A-2-9 to A-2-11. The p and k values were quantified at the ambient
temperature, whereas the ¢, values were quantified in the temperature range of —50 to 200 °C.

The penetration of heat from the surface to the interior of a plastic is expressed

by ATy or g /Tkpep, /4, which is defined as the thermal response parameter (TRP) of the plastic

[12]. Plastics with high TRP values have high resistance to vaporization or decomposition,
release of undesirable products and ignition and flame spread. The calculated TRP values from
Tvorar K, pand c¢p values listed Tables A-2-5 to A-2-11 in Appendix A-2, are in the range of 57
to 495 kW-s"*/m” for the plastics in the 1996 Dodge Caravan and 1997 Chevrolet Camaro parts.
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The average \/mkpe, /4 value for the samples of the plastic parts from the two vehicles is 0.778

+ 18%, which is similar in range to the average value of 0.640 15% for the high temperature
plastics and 0.624 +18% for the highly halogenated plastics [17]. The Ty or 4 values for the high
temperature and highly halogenated plastics, however, are significantly higher than the values for
many plastics in vehicles parts and thus their TRP values are high resulting in higher resistance
to ignition and flame spread. These comparisons suggest that fire resistance of plastics vehicles
parts can be enhanced significantly by increasing their Ty or q values.

The thermophysical properties can be utilized for the assessment of hazards in motor
vehicle crash fires by constructing contours of the locations of parts made of plastics in vehicles
with varying Tgiasss Tm, AHgusion, Tv or a and TRP values (see Chapter I in Volume II). These
contours could provide a priori prediction for the difficult as well as easier paths for the flames to
enter the passenger compartment and for the creation of untenable conditions in the passenger
compartment in vehicle crash fires. However, the thermophysical properties have very limited
use at this time, as no standard methodology or model exists that can utilize them to assess the

survivability of passengers in vehicle crash fires.

1.3 FIRE PROPERTIES

Fire properties of plastics in parts of vehicles were measured in small-scale tests, performed by
GM, National Institute of Standards and Technology (NIST), FM Global, and SwRI
[8,13,14,15,16,17,18]. In the tests, plastics were taken from about 53 parts of the 1996 Dodge
Caravan and the 1997 Chevrolet Camaro listed in Appendix A-1.

Fire properties of polypropylene with three different types of fire retardant treatments and
nylon with four different types of fire retardant treatments were also measured. These fire-
retarded plastics were considered as possible replacements plastics for vehicle parts to enhance
resistance to ignition and flame spread.

The fire properties were measured following the ASTM E1354 Standard Test Method
[The Cone Calorimeter, 8,18,19], the ASTM 2058 Standard Test Method [the Fire Propagation
Apparatus, 12,13,14,16,17,19], IMO FTP Cod and Air Bus Industry ABD 0031 test [8], modified
GM 9833P test [15] and FMVSS 571.302 Standard test [8,20]. These tests are briefly described
in Appendix A-3. The following measurements were made in the tests:

1. Pre-ignition: softening, melting, non-melting and charring behaviors ;
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2. Ignition: time-to-ignition at various external heat flux values. The measured data were
used to determine the critical heat flux (CHF)® and thermal response parameter (TRP)*
values;

3. Combustion: concentrations of CO, CO,, hydrocarbons, HCI, HCN, and NOy, optical
density of smoke, mass loss rate, total mass lost, and residue. The measured data were
used to determine the heat release rate, generation rates of products (CO, CO,,
hydrocarbons, and smoke), heat of combustion, yields of products, and heat release
parameter (HRP)’;

4. Fire propagation: flame spread rate and burn rate. From the measured heat release rate
during flame spread and the TRP value, fire propagation index (FPI)° of the plastic was
determined.

Fire property data quantified in the small-scale tests are listed in Appendix A-4 in Tables A-4-1

through A-4-18.

1.3.1 Pre-ignition: Softening, Melting, Non-Melting and Charring Behaviors

The thermal behavior of plastics from parts of the 1996 Dodge Caravan and the 1997 Chevrolet
Camaro were similar to that indicated by the Tgiass, Tms AHtusion, and Ty or ¢ values from mini-
scale tests.

In the FMVSS 571.302 tests, PP, PE, EPDM rubber, and PS from the 1996 Dodge
Caravan and the 1997 Chevrolet Camaro parts were found to melt and burn on the floor or burn
with flaming droplets, whereas PVC, POM, PET, fiberglass/polyester, nylon/phenolic binder,
nylon and nylon 6 had no sustained burning (Tables A-4-1 and A-4-2). However, irrespective of
thermal behaviors, all plastics passed the FMVSS 302 test.

In the ASTM E1354 Cone Calorimeter test (Table A-4-13), out of 18 plastic parts, 33%
were melting types (PP and PE), 44% were softening types (PC, PS, PET, nylon 66 polyvinyl
butyral and PP), 11% were non-melting types (nylon 6/phenolic binder) and 11% were charring
types (EPDM rubber and PVC). In the ASTM E2058 FPA (Tables A-4-14 to A-4-17), out of 37
plastic parts examined, 35% were melting types (PP, PE, nylon 6, ABS), 32% were softening
types (PP, PC, PS, PET, PU, nylon 6), 14% were non-melting types (PU, nylon 66) and 19%
were charring types (PVC, EPDM, polyester, ABS/PVC).

3 Critical heat flux (CHF) is the external heat flux value at or below which there is no ignition under quiescent
airflow condition. See Chapter I in Volume II for the theory.

*TRP = AT, \/(Tkpe )/ 4 , AT is the ignition temperature above ambient (K). See Chapter I in Volume II for the

theory.
> HRP is the ratio of the heat of combustion to heat of gasification. See Chapter I in Volume II for the theory.

° FPI = 749(Q,, /w)""* /TRP, Q, is the chemical heat release rate (kW) and w is the width of the sample (m). See
Chapter I in Volume II for the theory.
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The fire retardant treatment of PP and nylon 66 significantly reduced their melting tendencies in
the GM 9833P test (Table A-4-8). PP had higher melting tendency than nylon 66. On the other
hand, nano composite in nylon 6 increased its melting tendency.

An examination of the melting, non-melting, softening and charring behaviors show that
PP, PE, nylon and ABS based parts are melting types, PC, PS, PET, and PU based parts are
softening types, whereas PVC, EPDM, polyester, ABS/PVC based parts are charring types.
These behaviors are modified by fire retardant treatment or inert fillers.

Melting type plastics are expected to create pools of molten plastics under the burning
vehicle leading to intense pool fires, rapid flame penetration into the passenger compartment and
increased burning intensity of the vehicle. This type of behavior was observed in the tests for the
burning of vehicle parts and in some of the full-scale vehicle burn tests. The melting, non-
melting, softening and charring behaviors of the samples of plastic-based parts are not
considered as important in the FMVSS 571.302 Standard, although these behaviors were
observed in the tests following this Standard. For enhancing the survivability of the passengers
in the motor vehicle crash fires, it is necessary to consider these behaviors. Furthermore, use of
charring types of plastics in vehicle parts should be encouraged through regulatory standards,
especially at critical locations, where flames are expected to enter the passenger compartment in

vehicle crash fires.

1.3.2 Ignition

When a plastic is exposed to heat source of sufficient strength, energy requirements to vaporize
or decompose the plastic are satisfied and a combustible or non-combustible vapor-air mixture is
created near the surface of the plastic. The combustible vapor-air mixture auto-ignites or is
ignited by a small flame or other heat source near the surface and a flame is established. This is
defined as the ignition of the plastic (see Volume II, Chapter 1 for the theory).

The ignition resistance of plastics has been investigated in detail both experimentally and
theoretically [12,21,22,23,24 and references therein]. It is well recognized that the ignition
behavior of a plastic is governed by its physical thickness (d) relative to the thermal penetration
depth (8) [21,22,23]. The thermal penetration depth is expressed as:

8= Jat=[(k/pe,)t (1)
where A is the thermal diffusivity of the plastic (mm/s), t is the heat exposure time of the plastic

surface (s). For thermally thick conditions, & < d and for thermally thin conditions, & > d. In
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general, plastic parts of vehicles are physically thick and thus in ignition tests, the following
expression for thermally thick condition [12,21,22,23,24], becomes useful for data analysis:

1/t =a@, -4, ) (T, - T,)nkpc, / 4 )

where tig is the time-to-ignition(s), a is the plastic surface absorptivity’, q. is the external heat

flux applied to the plastic surface, q,, is the critical heat flux (CHF )® per unit plastic surface
area (kW/m?), Tig is the ignition temperature (°C) and T, is the ambient temperature (°C). The
CHF value is related to the Tig value’.

Because thermally thick conditions are satisfied, the experimental data, away from the

CHF value, show a linear relationship between 1/ tfg/ ? and ¢, values and ((T;, = T,)yTkpe/4)

value is determined and defined as the thermal response parameter (TRP). This relationship

does not hold for ¢, values close to the CHF values, where thermally thin conditions prevail due
to longer heating times prior to ignition. Under these conditions, a linear relationship is found

between 1/t andq, ; the intercept on the x-axis is taken as the CHF value of the plastic.

For determining the CHF and TRP values, t;, values are measured at various q, values in

the ignition tests in the ASTM E2058 FPA apparatus and the ASTM E1354 Cone Calorimeter
(Table A-4-9 in Appendix A-4). The CHF and TRP values derived from the experimental data
are listed in Tables A-4-12, A-4-16 and A-4-17 in Appendix A-4. The TRP values from the
ASTM E2058 FPA (Tables A-4-16 and A-4-17) are higher than the values from the ASTM
E1354 Cone Calorimeter (Table A-4-12) as shown in Fig. 1-1. The difference may be due to
surface absorptivity, as samples surfaces are coated black only in the ASTM E2058 FPA.

The CHF and TRP values of plastics in the 1996 Dodge Caravan and the 1997 Chevrolet
Camaro parts are very similar, as shown in Fig. 1-2. Similarities in data are expected as similar
generic plastics are used in the parts of the two models. These TRP values are in excellent

agreement with the TRP values calculated from the thermophysical properties [17].

" In Eq. 2, the plastic surface absorptivity, a, is taken as unity, as the ignition tests are performed with sample
surfaces coated black.

¥ CHF value is taken as the external heat flux value at which there is no ignition under quiescent airflow condition.
"

’ Tig CO)= [(Qer )0'25 X 364] — 273, assuming heat losses mainly due to re-radiation, plastic surface acting as

a black body and ambient temperature is 20 °C.
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Figure 1-1 Comparison of the TRP values for common plastic parts of a 1996
Dodge Caravan and a 1997 Chevrolet Camaro from the ASTM E2058 FPA
and ASTM E1354 Cone Calorimeter.

The TRP values are in the range of 39 to 483 kW-s'%/m”, and the CHF values are in the range of
10 to 25 kW/m®. These ranges indicate that there is wide range of resistance of the plastic parts
to thermal penetration in these vehicle models. Based on the ignition, combustion and flame
spread data for variety of plastics [12], plastics with TRP values greater than about 300 kW-
s"*/m? have significant resistance to thermal penetration, increased resistance to vaporization or
decomposition, ignition, flame spread and release of smoke and toxic compounds.

The CHF and TRP values provide tools to assess the effectiveness of the fire retardant
treatments of plastics to enhance their fire resistance, such as for PP and nylon 66 (Table A-4-18
in Appendix A-4). These data indicate that the fire retardant treatments were ineffective in
increasing the CHF and TRP values of the plastics, in agreement with the data from the burning
of vehicles with fire retarded and untreated HVAC units [25]. The fire retardant treatment of
HVAC was ineffective in preventing the flames to enter the passenger compartment and in

reducing flame spread rates and burning intensity of the vehicle [25].
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Figure 1-2. CHF and TRP values for plastic parts of a 1996 Dodge Caravan
and a 1997 Chevrolet Camaro determined from the ignition data measured in
the ASTM E2058 FPA [13,14,16,17].

1.3.3 Flame Spread
Flame spread process is defined as the movement of a flame on the plastic surface. The flame
spread process depends on the thermophysical and fire properties of the plastics and the
environmental conditions [12,21,22,23,24,26 and references therein] (see Chapter 1, Volume II
for the theory).

Flame spread is specified in many standard tests, for example, the FMVSS 571.302
Standard specifies acceptance criterion for the plastics based on flame spread (less than 102

mm/min or 1.7 mm/s) in the test apparatus [20]. It is an important fire behavior associated with

10
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the hazard in a fire. In the studies sponsored by GM, flame spread was measured using two test
apparatuses: 1) GM Modified 9833P Flammability Test Apparatus (Appendix A-3, Section A-3-
3 [15]) and 2) ASTM E2058 FPA (Appendix A-3, Section A-3-5 [12,14,16,17]). In the study
sponsored by NHTSA, the FMVSS 571.302 Standard test apparatus was used to measure the
flame spread (Appendix A-3, Section A-3-1 [8]).

1.3.3.1 Flame Spread Measurements in the FMVSS 571.302 Standard Test Apparatus

The flame spread rate (burn rat) measurements were made by SwRI [8]. The data are listed in
Tables A-4-1 and A-4-2 in Appendix A-4. All the parts tested satisfied the requirements of the
Standard and thus passed the test.

Data show that for the PP, PE and PS based parts of the 1996 Dodge Caravan, flame
spread is rapid, in the range of 20 to 68 mm/min (0.33 to 1.13 mm/s). There is no flame spread
for PVC, POM, PET, and fiberglass/polyester/styrene based parts. The results are similar for the
plastic parts of the 1997 Chevrolet Camaro. There is rapid flame spread for the PE and PP based
parts (in the range of 15 to 37 mm/min or 0.25 to 0.62 mm/s), whereas the rate is very slow (2
mm/min or 0.03 mm/s) or there is no flame spread for nylon 6 and nylon 66 based parts.

Since the flame heat flux expected in motor vehicle crash fires are not simulated in the
FMVSS 571.302 Standard Test Apparatus, the results are not representative of the flame spread
behaviors of these plastics in vehicle crash fires. In vehicle crash fires, the plastic parts are
expected to be exposed to higher flame heat fluxes over more extended surface areas than in the

FMVSS 571.302 test.

1.3.3.2 Flame Spread Measurements in the GM Modified 9833P Flammability Test
Apparatus
The flame spread rate measurements were made by GM at an environmental temperature of
121°C [15]. The data are listed in Table A-4-8 in Appendix A-4. The flame spread rates for the
untreated PP and nylon 6 and 66 are in the range of 54 to 149 mm/min (0.93 to 2.48 mm/s) and
in the range 2.4 to 44-mm/min (0.04 to 0.73 mm/s) respectively. For fire retarded PP, the flame
spread rates are in the range 4.8 to 7.2 mm/min (0.08 to 0.12 mm/s). For fire retarded nylon 66,
there is no flame spread. For nylon 6 with nano composite, there is an opposite affect as the
flame spread rate increases from 2.4 mm/min (0.04 mm/s) to 10.2 mm/min (0.17 mm/s), because

of reduced dripping. At this low environmental temperature, there appears to be an effect of the

11
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fire retardants on the flame spread behaviors of PP, nylon 6 and nylon 66, resulting in a decrease
in the flame spread rate. Reduction in the melting, however, enhances the flame spread rate.

The flame spread rate measurements at an environmental temperature of 121 °C does not
simulate the environmental conditions expected in the motor vehicle crash fires. Thus, the actual
flame spread rates may be quite different from the measured rates. Furthermore, the fire retardant
treatments may not be as effective as indicated by the test data, as the effectiveness decreases
with increase in the heat flux values. For realistic assessment of the flame spread behaviors of
the plastics and effectiveness of fire retardant treatments to enhance the fire resistance, it is,
therefore, necessary to perform tests with simulated flame heat flux values expected in the

vehicle crash fires.

1.3.3.3 Flame Spread Measurements in the ASTM E2058 FPA
The flame spread measurements were made by FM Global using 100-mm wide, 300-mm high
samples with thickness = 3-mm in vertical orientations with co-flowing air having 40 % oxygen
concentration and bottom of the sample exposed to 50 kW/m® of external heat flux in the
presence of a pilot flame (Section A-3-5 Appendix A-3) [13,14,16,17]. The environment with
40% oxygen concentration was used to simulate large-scale flame radiative heat flux to plastic
surfaces, expected in motor vehicle crash fires. In the test, heat release rate was measured during
the flame spread on the surface of the sample. The heat release rate was combined with the TRP
value of the plastic to determine the FPI value, using the following expression [12,16,17,26]:
FPI =1000(0.42Q,,)"* =750 (Q, )" / TRP (3)
FPI is in m/s"?)/(kW/m)**, and Qch is the chemical heat release rate per unit width of the sample
(kW/m). The following flame spread behaviors have been found in small-scale and large-scale
tests and are consistent with the flame extinction limit [12,17,26]:

1) FPI <6 (m/s"?)/(kW/m)**: no flame spread beyond the ignition zone;

2) 6 < FPI < 10 (m/s"?)/(kW/m)*”: flame spread may or may not sustain itself beyond
the ignition zone. Propagating/non-propagating flame spread behaviors can be
established only in the large-scale parallel panel tests;

3) FPI > 10 (m/sl/z)/(kW/m)Z/ 3. self-sustained flame spread beyond the ignition zone.
Flame spread rate increases with increase in the FPI value.

The FPI values obtained from the flame spread tests in the ASTM E2058 FPA are listed in Table
A-4-16 to A-4-18 in Appendix A-4. The FPI values for the plastic parts of the vehicles are plotted

in Fig. 1-3. The FPI values for the plastic parts of the two vehicles are similar, as expected, as

12
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similar generic plastics are used in these vehicles (1996 Dodge Caravan and 1997 Chevrolet
Camaro). For majority of the plastic parts, the FPI values are > 11 (m/s"?)/(kW/m)??, i.c., flame
spread is expected to be self-sustained beyond the ignition zone in the vehicle crash fires. Plastics
with FPI values < 10 (m/s"?)/(kW/m)*> are preferred as flame spread is limited to ignition zone or
there is very slow flame spread beyond the ignition zone. Thus, majority of the plastic parts in the

two vehicles need only minor modifications.
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=
o
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Polymer Components and Parts

Figure 1-3. FPI values for plastic parts of the 1996
Dodge Caravan and the 1997 Chevrolet Camaro
determined in the ASTM E2058 FPA [12,14,16,17].

An examination of the flame spread data from the FMVSS 571.302 Standard Test Apparatus
(Tables A-4-1 and A-4-2 in Appendix A-4) and the FPI values (Tables A-4-16 and A-4-17 in
Appendix A-4) indicate that there is a disagreement in the flame spread behaviors for the plastic
parts. This is expected, as FPI values were determined in small-scale tests under simulated flame
radiative heat flux expected in motor vehicle crash fires. The FMVSS 571.302 Standard Test
simulates ignition of plastics in the passenger compartment exposed to a burning cigarette and a
match. The FMVSS 5710.302 Standard Test thus can be complemented by specifying the FPI
values for the acceptance of plastics for vehicle parts expected to be exposed to higher heat fluxes
in vehicle crash fires.
The FPI values were also determined for the treated and untreated PP and nylon 6
samples (samples similar to those tested in the GM Modified 9833P Flammability Test
Apparatus). The FPI values are listed in Table A-4-18 in Appendix A-4. An examination of the

13
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data indicates that there is hardly any difference in the FPI values of the treated and untreated PP
and nylon and thus the FR treatment of the plastic parts is expected to be ineffective in vehicle
crash fires in preventing the rapid flame spread and burning of the plastic parts. These results are
in disagreement with the results from the GM Modified 9833P Flammability Test Apparatus.
The disagreement is expected as FPI values are determined under simulated flame heat flux
values expected in motor vehicle crash fires, whereas in the GM Modified 9833P Flammability
Test Apparatus, flame spread rates were measured at an environmental temperature of 121 °C,
which is too low to simulate the large-scale fire conditions.

One of the fire retarded PP’s examined in the ASTM E2058 FPA was selected as the
plastic for the HVAC unit of a vehicle [25]. This vehicle was burned along with another vehicle
of the same model, but having a standard HVAC unit made of untreated PP [25]. The burn tests
showed that the fire retardant treatment of PP in the HVAC was ineffective in preventing the
flames to enter the passenger compartment and in reducing the flame spread rate and burning
intensity. The results from the burn tests for both the vehicles were similar [25], as expected
from their FPI values.

The flame spread tests in the ASTM E2058 FPA were also used to assess the melting,
non-melting, softening and charring behaviors of the samples of plastic parts from the 1996
Dodge Caravan and the 1997 Chevrolet Camaro (included in Tables A-4-16 to A-4-18 in
Appendix A-4). These behaviors were recorded based on the visual observations. In the
determination of the FPI values, some of the melting type plastics created problems as the
downward melting and softening rates were significantly higher than the upward flame spread
rates. Thus, for these plastics, FPI values either were estimated or were not reported.

For the majority of the melting and softening types of plastics, the upward flame spread
was very rapid compared to the downward melting and softening rates. Furthermore, heat
release rate was measured until flames reached the top of the sample. However, once the flame
reached the top of the sample, the downward melting and softening rates increased rapidly due to
rapid penetration of heat deep into the sample. This problem was not encountered for the non-

melting and charring types of plastics.

1.3.4 Combustion
The combustion process is defined in terms of the heat release rate and generation rates of

products. As with the ignition and flame spread processes, the combustion process also depends

14
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on the thermophysical and fire properties of the plastics and the environmental conditions
[12,21,22 and references therein]. The gas temperature and concentrations of products increase
significantly above the ambient values as heat and products are released into the environment
and affect the human survivability [27 and references therein] (see Chapter I, Volume II for
theory).

Measurements were made for the following in the combustion tests performed in the GM,
MVFRI and NHTSA sponsored studies:

1 CO and HCI concentrations and yields, following the Airbus Method at 25 kW/m* and

the IMO method at 25 and 50 kW/m? in flaming and non-flaming fires of the plastic parts

of the 1996 Dodge Caravan by SWRI [8]. The measured data are listed in Tables A-4-3

to A-4-5 in Appendix A-4;

e Mass loss rate and release rates of heat, concentrations of CO, HCN, NO,, HCI and
optical density of smoke, heat of combustion and product yields using the ASTM E1354
Cone Calorimeter for the flaming fires of the plastic parts of the 1996 Dodge Caravan
and the 1997 Chevrolet Camaro by SwRI [8]. The measured data are listed in Tables A-4-
9 to A-4-12 in Appendix A-4;

e Mass loss rate and release rates of heat, generations rates of CO, CO,, hydrocarbons and
smoke, heat of combustion and yields of products using the ASTM E2058 FPA for the
flaming fires of the plastic parts of the 1996 Dodge Caravan and the 1997 Chevrolet
Camaro by FM Global [16,17]. The measured data are listed in Tables A-4-14 to A-4-18
in Appendix A-4.

1.3.4.1 CO Concentration Measurements by Airbus and ISO Methods
The following data were measured for the average CO yield in g/g for PC, PET and PVC based
parts of the 1996 Dodge Caravan respectively (Tables A-4-3 to A-4-5 in Appendix A-4):

e Airbus Method at 25 kW/m? for non-flaming condition: 0.002, 0.071, and 0.011;
e Airbus Method at 25 kW/m? for flaming condition: 0.026, 0.082, and 0.030 ;

e IMO Method at 25 kW/m? for non-flaming condition: 0.001, 0.179 and 0.025;

e IMO Method at 25 kW/m? for flaming condition: 0.003, 0.112, and 0.004;

e IMO Method at 50 kW/m? for non-flaming condition: 0.074, 0.150, 0.025.

In general, CO yields from Airbus and IMO methods are similar and increase with heat flux.
PET-based parts have the highest CO yields. As flame heat flux and surface areas expected in
vehicle crash fires are not simulated in the tests, data are not expected to be representative of CO

concentrations in vehicle crash fires.
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1.3.4.2 HCI Concentration Measurements by Airbus and ISO Methods
The following data were measured for the average HCI yield in g/g as it was released from only
the PVC based parts of the 1996 Dodge Caravan (Tables A-4-3 to A-4-5 in Appendix A-4):

 Airbus Method at 25 kW/m? for non-flaming condition: 0.027;
 Airbus Method at 25 kW/m? for flaming condition: 0.027 ;

e IMO Method at 25 kW/m? for non-flaming condition: 0.012;

e IMO Method at 25 kW/m? for flaming condition: 0.003;

e IMO Method at 50 kW/m? for non-flaming condition: 0.049.

The HCI yields are similar for the flaming and non-flaming conditions in the Airbus Method. In
the IMO Method, there is a significant increase in the HCI yield with increase in the heat flux
under the non-flaming condition. The HCI concentrations measured in the tests are not expected

to be representative of concentrations expected in vehicle crash fires.
1.3.4.3 Measurements in the ASTM E1354 Cone Calorimeter and the ASTM E2058 FPA

e ASTM EI1354 Cone Calorimeter: measurements were made for the time-to-ignition, burn
time, time-to-peak heat release rate, mass loss rate, heat release rate, specific extinction area
for smoke, yield of CO, HCN', NO,'? and HCI'"' and effective heat of combustion at four
external heat flux values. These data are listed in Tables A-4-9, A-4-10 and A-4-11 in
Appendix A-4. The specific extinction area has been converted to the yield of smoke in g/g
by multiplying it by 0.0994 x 10~ (see Ref. 12) and the effective heat of combustion is
represented by chemical heat of combustion for consistency with the data from the ASTM
E2058 FPA. The time-to-ignition has been used to determine the CHF and TRP values,
which are included in Table A-4-12 in Appendix A-4.

e ASTM E2058 FPA: measurements were made for the time-to-ignition, mass loss rate, release
rates of heat, and generation rates of CO, CO,, hydrocarbons and smoke, which are listed in
Tables A-4-14 and A-4-15 in Appendix A-4. The measured data were used to determine the
yields of CO, CO,, hydrocarbons and smoke, and chemical heat of combustion, which are
listed in Tables A-4-17 and A-4-18 in Appendix A-4.

The combustion data for the plastic parts of the 1996 Dodge Caravan and the 1997 Chevrolet
Camaro are very similar, as expected because most of them are assembled from similar generic
plastics. These data comparisons for the two vehicles are shown in Figs. 1-4 and 1-5; the data
were measured in the ASTM E2058 FPA [16,17]. As can be noted from the data in Tables A-4-
14 and A--4-15, most of the plastic parts had large amounts of residue left at the end of their

1 Released by nylon 6 and 66, as they were the only nitrogen atom containing plastics in the parts of the vehicles.
' Released by PVC, as it was the only halogenated plastic in the parts of the vehicle.
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combustion. Some vehicle parts contain as much as 60 to 70% by weight of inert fillers.

Increased amounts of inert fillers increase the fire resistance of the plastics.

The ASTM E1354 Cone Calorimeter and ASTM E2058 FPA operate under similar

principles and thus many measurements made in these apparatuses are similar. However, data

from these apparatus do not always agree, due to differences in the design of the apparatuses and

procedures used for the measurements.
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Figure 1-4. Mass loss rate and residue in the combustion of the plastic parts of
the 1996 Dodge Caravan and the 1997 Chevrolet Camaro at 50 kW/m? in the
ASTM E2058 FPA [16,17]. There were very few plastic parts for which there
was no residue left after the combustion was completed, which are not shown in

the figure.
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Figure 1-5 Release rates of CO, smoke, and heat from the combustion of
plastic parts of the 1996 Dodge Caravan and the 1997 Chevrolet Camaro at
50 kW/m? in the ASTM E2058 FPA [16,17].
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1.3.4.4 Comparison of Heat Release Rate from the ASTM E1354 Cone Calorimeter and the
ASTM E2058 FPA

Data for the heat release rate,Q:h, and heat of combustion, AHy,, from the ASTM E1354 Cone

Calorimeter and the ASTM E2058 FPA are shown in Figs. 1-6 and 1-7. There is an excellent
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Figure 1-6. Heat release rate in the combustion of vehicle
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significantly higher than
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the combustion conditions
are very similar as indicated
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between the AH,, values in
Fig. 1-7. The AH, values
for the plastic parts of the
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literature [12]



FM Global
Report # 0003018009-3, Volume 111

The differences in the data from the ASTM E1354 Cone Calorimeter and the ASTM E2058 FPA

appear to be due to differences in the surface areas during combustion, mostly due to the

differences in the sample holders used in these apparatuses. The heat release rates for the

charring and non-melting-type plastics agree because there is little variance in the surface areas.

However, the heat release rates for the melting-type plastics are significantly different, because

of the greatly increased surface areas during combustion in the FPA. The melting-type plastics

drip and burn as pools; the surface areas of the pools depend on the geometry of the sample

containers, which are different in the two apparatuses.

1.3.4.5 Comparisons of CO and Smoke Yields from the ASTM E1354 Cone Calorimeter

and the ASTM E2058 FPA

Data for the yields of smoke and CO are shown in Fig. 1-8. Most of the yields of CO and smoke
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Figure 1-8. CO and smoke yields for the plastic parts of
vehicles measured at 50 kW/m’> in the ASTM E1354 Cone
Calorimeter and the ASTM E2058 FPA.

from the ASTM EI1354
Cone Calorimeter are
about one-half the yields
from the ASTM E2058
FPA. This difference
appears to be due to
some type of catalytic
conversion of CO and
carbon to CO; by the hot
metal in the neck of the
cone through which hot
products have to flow out

in the Cone Calorimeter.

The differences in the yield of CO due to its conversion to CO, are not significant in affecting the

AH,;, values or the combustion efficiency.

1.3.4.6 Relationships between the Heat Release Rate and Generation Rates of Products

and Thermophysical and Fire Properties of Plastics

Heat release rates and generation rates of products depend on the thermophysical and fire

properties of the plastics, their shape, size and arrangement and the environment, as suggested by

the following expressions [12]:
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Q. =m"AH,, =(AH,, /AH,)q, 4)
G;=m'y, =(y,/AH,)q, (5)

where Qch is the chemical heat release rate (kW/m?), m’ is the mass loss rate (g/mz—s), AH,y, is
chemical (effective) heat of combustion (kJ/g), AH, is the heat of gasification (kJ/g), q, is the net
heat flux to the plastic surface (kW/m?), GJ is the generation rate of compound j (g/m’-s) and Yi

is the yield of the compound (g/g). The ratio AH./AHy is defined as the heat release parameter
(HRP), which is one of the most important fire properties of plastics governing the burning
intensity of the plastic as indicated by Eq. 4 [12] (see Chapter 1, Volume II for the theory).

The gas temperature and concentration of products in the environment are direct

functions of Qch and GJ as suggested by the following relationships [12]:

AT, =X, AQy, /Mc, =AX,,(8H,, /AH,)q, /V,p,c, (6)
C,= AG,;/V,=A(y;/0H,)q,/V, (7)
where AT, is the gas temperature above ambient (°C), Xcon is the convective component of the
combustion efficiency, A is the surface area of the plastic burning (m®), M is the mass flow rate

of the mixture of air and the fire products (g/s), ¢, is the heat capacity of the mixture (kJ/g-°C),

Va is the volumetric flow rate of the mixture (m’/s), Pa is the density of the mixture (g/m’), Cjis

the concentration of product j (g/m’). As the fire products are diluted by air 20 to 30 times their
volumes, properties of air are substituted for the properties of the mixture in Egs. 6 and 7.

The above relationships show that the gas temperature and concentrations of products in
the environment and thus the survivability of passengers in vehicle crash fires is expected to
depend in part on the:

1) Thermophysical and fire properties of the plastic parts in a vehicle through Xcon,
AH../AH, (or HRP) and y;;
2) Fire size through A and q,

3) Environmental conditions throughM , Va , Pa, and c¢p.

As suggested by Egs. 4 to 7, reducing AHep, yj and ¢, values and increasing the AH, values
would reduce the heat release rate, generation rates of the products and gas temperature and
concentrations. In many plastic parts in vehicles, large amounts of inert fillers are used, which
perform dual purpose: 1) make the parts function properly and 2) fire retard the plastic parts.
Figure 1-9 shows the heat release rate measured at 50 kW/m® in the ASTM E2058 FPA for
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Figure 1-9. Heat release rate versus the amount
of inert filler in generically similar plastic parts
of vehicles measured at 50 kW/m? in the ASTM
E2058 FPA.

plastic parts of the 1996 Dodge Caravan
and the 1997 Chevrolet Camaro
assembled from similar generic plastic,
but containing different amounts of
generically similar inert filler.

As can be noted in the figure, heat
release rate decreases with increase in the
amount of the inert filler. There is a
rapid decrease in the heat release rate
above 40% of the inert filler in the plastic
parts. The decrease in the heat release

rate appears to be due to increase in the

AH, values and quenching of the flame that reduces the q,value. In addition to decreasing the

heat release rate, increase in the amount of inert filler in the plastic parts, also decreases mass

loss rate, release rates of products, and increases CHF and TRP, all leading to imparting higher

fire resistance to the plastic parts.

The fire property data measured in the ASTM E 1354 Cone Calorimeter and the ASTM

E2058 FPA are currently used world wide in various engineering codes and models to assess

hazards in various types of fires. A similar approach could be taken to assess the survivability of

the passengers in vehicle crash fires.
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NOMENCLATURE

A Total exposed surface area of the plastic (m?)

a Surface absorptivity

Cp Heat capacity (J/g-K)

G Concentration of product j (g/m’)

d Physical thickness of the plastic (mm)

C'J-' Generation rate of product j per unit surface area (g/m>-s)
AHp Chemical heat of combustion (kJ/g)

AHygion Heat of fusion (J/g)

AH, Heat of gasification (kJ/g)

k Thermal conductivity (W/m-K);

m’ Mass loss rate (g/m’-s)

M Mass flow rate of the mixture of air and fire products (g/s)
q. External heat flux per unit surface area (kW/m?)

q;r Critical heat flux per unit surface area (kW/m?)

q. Net heat flux to the surface (kW/m?)

Q'c'h Chemical heat release rate per unit surface area (kW/m?)
Tyora Vaporization or decomposition temperature (°C)
Tatass Glass transition temperature (°C)

T, Ignition temperature (°C)

Va Volumetric flow rate of the mixture of air and fire products (m’/s)
Wi Total mass (g)

Yi Yield of product j (g/g);

Greek

a Thermal diffusivity (mm/s)

) Thermal penetration depth (mm)

Xcon Convective component of the combustion efficiency
Pa Density (g/cm’)

Subscripts

a ambient

ch Chemical

d Decomposition

f Final

g Gasification

ig Ignition

j Product

1 Molten plastic

m Melting

n Net

sm Smoke

T Total or complete

v Vaporization
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per unit of time (1/s)
per unit area (1/m?)

General Abbreviations

CHF
FR

FPI
HRP

TRP

Critical heat flux (kW/m?)

Fire retarded

Fire propagation index (m/sm)/(kW/m)z/3
Heat Release Parameter (kJ/kJ)

Thermal response parameter (kW-sl/z/mz)

Plastic Abbreviations

ABS
EPDM
EVA
PC

PE
PET
PEU
PMMA
POM
PP
PP-Cl
PS

PU
PVC
SMC
TPO

Acrylonitrile-Butadiene-Styrene
Ethylene-propylene-diene rubber
Ethylene-vinylacete
Polycarbonate

Polyethylene
Polyethyleneterephthalate
Polyetherurethane
Polymethylmethacrylate
Polyoxymethylene, Polyformaldhyde, Polyacetal
Polypropylene
Polypropylene-chlorinated
Polystyrene

Polyurethane

Polyvinylchloride

Sheet molding compound
Thermoplastic polyolefin
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CHAPTER1II

THERMOPHYSICAL AND FIRE PROPERTIES OF ENGINE
COMPARTMENT FLUIDS

2.1 INTRODUCTION
The Fatal Analysis Reporting System (FARS), the National Automotive Sampling System

(NASS) and the Crashworthiness Data System (CDS) databases used in the planning of the GM
sponsored studies, under the DOT/GM Settlement Agreement (Chapter 1, Volume I), identified
that in many vehicle crashes, fires were started by the engine compartment fluids. The engine
compartment fires also contributed towards the burning intensity of the fires (Volume I, Table A-
1, Appendix A). Fires were started as the released vapors and/or liquid droplet sprays of the
engine compartment fluids encountered hot surfaces and sparks in vehicle crashes. It should be
noted that these types of fires are common in industrial accidents associated with the release of
fluids and many studies have been performed on hazards presented by these types of fires and
property protection needs [1,2,3,4,5,6 and references therein]. Standards and specifications have
been developed for the fire hazard classifications of the fluids [1,2,4]. Some of these standards
and specifications have also been used for the fire hazard classification of the engine
compartment fluids, such as the fire safety specifications listed by the National Fire Protection
Association (NFPA) and the U.S. Department of Transportation (DOT) for storage and transport
of the fluids [1]. In these specifications, fluids are classified for their fire hazards based on their
flash points (Tqash) and boiling points (Ty), as listed in Table 2-1 [1].

In these specifications, T} is defined in a variety of ways. For example, the NFPA
specification defines Ty, as the temperature for the initial 20% evaporation of the fluid [1]. DOT
specification defines Ty, as the initial boiling point (T;) of the fluid [1]. The T;, and Ty have also
been defined in the ASTM D2887-97' [7].

" ASTM D2887-97 defines T, as having two values, based on the total integrated response of the detector of a gas
chromatograph (GC). Temperature corresponding to 0.5 % integrated response of the GC detector is defined as the
initial boiling point (Tj,). Temperature corresponding to 99.5 % integrated response of the GC detector is defined as
the final boiling point (Tg,).
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Table 2-1. NFPA/DOT Specifications for Fire Hazard Classification of Fluids [1]

NFPA DOT
Fluid Hazard T Packing e . 0
Classification | Rating Criteria (°C) Group Criteria ('C)
IA 4 Tp < 37.8; Thash < 22.8 I Tp<35
. Tb > 35,
IB 3 Tp =2 37.8; Thasn <22.8 II Tha <23
Tb > 35,
IC 3 22.8 < Thash <37.8 111 60.5 > Toap 23
1T A 2 60 < Thasn <93.4
I11B 1 Thasn =93.4
0 0 Ty, > 815.5 for 5 minutes

The engine compartment fluids are complex mixtures of hydrocarbon-based fluids (in majority),
glycol-based fluids (antifreeze with water and brake fluids), and alcohol-based fluids with water
(windshield washing fluids). Because of the complex compositions of the engine compartment
fluids, Ty cannot be defined in a simple fashion [8]. Furthermore, it is not apparent how Tpash,
Tin, and T), values alone could be used for the fluid hazard classifications and for the assessment
of the passenger survivability in vehicle crash fires. These values in combination with other
thermophysical and fire properties could be used following the practices of various industries
such as the chemical, mining and fuel industries [1,2,3,4,5,6]. In these industries, Tnash, Tin, and
Ty, values along with other thermophysical and fire properties of fluids are used in the
engineering models to assess industrial fire hazards associated with the accidental release of
fluids and their burning as jets and as pool fires [1,2,3,4,5,6].

This approach was undertaken in the planning of the GM sponsored studies [8,9,10,11].
Several engine compartment fluids were selected, their thermophysical and fire properties were
quantified, and the possibility of their use in the fire hazard classification of the fluids pertinent
to vehicle crash fires was explored [8,9,10,11]. The following properties were quantified:

e Density (p);
. sz and distillation temperature and fraction;

2 Boiling point for a single component fluid is generally defined as the temperature at which the vapor pressure
equals one standard atmosphere [1].
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* Heat capacity (cp); Tf]ash3, fire point (Tﬁre)4, hot surface ignition (Thet) and autoignition
temperature (AIT or T.)>;

e Upper and lower flammability limits (UFL and LFL);

e Heat of vaporization (AH,), heat of combustion, AH; and yields of products, yj;
The properties of the engine compartment fluids were quantified following the ASTM Standard
Test Methods for Fluids [7] and the ASTM E2058 FPA for solids with procedure modified for
the fluids [7]. A special test method was developed by GM for the hot surface ignition of the
engine compartment fluids [9]. These methods are discussed briefly in Appendix B-1.

In the GM sponsored studies, attempts were made to correlate the properties of the engine
compartment fluids for their resistance to ignition, combustion and flame spread, utilizing
relationships from the literature [1,2,3,4,5,6,12,13,14,15,16,17,18,19,20]. These relationships
are enumerated in Appendix B-2 along with the listing of the literature data for the

thermophysical and fire properties of fluids other than the engine compartment fluids.

2.2 ENGINE COMPARTMENT FLUIDS

The engine compartment fluids examined in the tests are listed in Table B-3-1 and B-3-2 in
Appendix B-3. The engine compartment fluids are used for the lubrication of the engine (to
separate moving surfaces to minimize friction and wear), power steering, automatic transmission,
braking, prevention of freezing of water, and for washing the windshield [21,22]. A brief
summary of the compositions of the fluids used in the tests is listed in Table 2-2.

As can be noted, the hydrocarbon-based fluids (motor oils, synthetic motor oils, power
steering fluids, transmission fluids, and gear lubrication fluids) are complex mixtures of
hydrocarbon fluids. The non-hydrocarbon-based fluids (brake fluids, antifreeze, engine coolants,
and windshield washing fluids) either are single components fluids or are mixed with water.

Due to the complexities of the hydrocarbon-based fluids, interpretation of the measured

thermo-physical and fire property data are difficult, compared to those for the simpler non-

? Flash point is the minimum temperature at which a fluid gives off sufficient vapors to form an ignitable mixture
with air near the surface of the fluid or within the test vessel used. Flash points are reported as open or closed cup
flash points [2,3].

* Fire point is the lowest temperature at which a fluid in an open container will give off enough vapors to continue to
burn once ignited. It is generally slightly above the open-cup flash point [2,3].

> Autoignition temperature is a rapid, self-sustaining, sometimes audible gas-phase reaction of the sample or its
decomposition products with an oxidant. A readily visible yellow or blue flame usually accompanies the reaction
[2,3].
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hydrocarbon based fluids. In order to explain variations in the data and their validity, non-
hydrocarbon-based fluid data are generally used as references. The thermophysical and fire

properties, test methods, and laboratories where measurements were made are listed in Table 2-3.

Table 2-2. Compositions of Engine Compartment Fluids Examined in the Tests [§]

Fluid Major Components

Petroleum distillates (range about C;s to Css5). Varying amounts of light

Motor oils hydrocarbons from gasoline in used motor oils (range about Cs to Cs).

Bimodal mixture of hydrocarbons (range of C,s to Cs7, peaks at about
Cy7 and Cs5 or hydrocarbon mixtures, range of about C;; to Cs; or the
range of about Ci9 to > Csg) Varying amounts of light hydrocarbons
from gasoline in used motor oils (range about Cs to C;5s).

Synthetic motor oils

Power Steering fluids Petroleum distillates (range of about C;5 to C;s in the new fluids; about
C7 to Cs¢ in the used fluids).

Transmission fluids Petroleum distillates (range about Cs to Css)

Gear Lubrication fluids Petroleum distillates (range about Cy; to > Csg)

Break fluids M-1xtures of methyl-, ethyl, or butyl-terminated ethylene glycol
oligomers (dimmer through hexamer)

Windshield washers Water and methanol

Antifreeze/coolant Diluted with 1:1 with water. Ethylene glycol or diethyl glycol or
propylene glycol.

Table 2-3. Fluid Properties Measured, Test Methods, and Laboratories [11]

Property | Test Method | Laboratory

Test Methods for the Measurements of Thermo-Physical Properties
Density ASTM D287 (API Gravity) UEC*
Boiling Point ASTM D 1120 UEC*
Boﬂmg Range Distribution of Petroleum ASTM D86 and D2887 UEC® and GM
Fractions
Flash Point ASTM D93 FM Global
Autoignition Temperature ASTM E659 UEC?
Hot Metal Surface Ignition Non-standard (developed by GM) | GM
Lower and Upper Limits of Flammability | ASTM E681 Chilworth”
Heat Capacity ASTM D2890 and E 1269 GM

Test Methods for the Measurements of Fire Properties

Heat of Vaporization MDSC GM
Heat of Complete Combustion ASTM D240 FM Global
Heat and Product Release Rates Modified ASTM E2058 FM Global
Heat of combustion/yields of products

a: UEC Fuels and Lubrication Laboratories, Monroeville, PA; b: Chilworth Technology, Monmouth
Junction, NJ.
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23 DATA FOR THE THERMOPHYSICAL AND FIRE PROPERTIES OF THE
ENGINE COMPARTMENT FLUIDS

The quantified data for the thermophysical and fire properties of the engine compartment fluids
are listed in Tables B-3-3 to B-3-18 in Appendix B-3.

2.3.1 Density of the Engine Compartment Fluids

Densities of the engine compartment fluids measured following the ASTM D287 Standard Test
Method (Appendix B-1) and by the direct measurement of the mass and volume of the fluids are
listed in Table B-3-3 in Appendix B-3. These data show that the densities of the hydrocarbon-
based fluids (motor oils, gear lubrication fluid, power steering fluids, and automatic transmission
fluid) are less than unity. The densities of the non-hydrocarbon-based fluids (brake fluids,
antifreeze, engine coolants and windshield washing fluids) are greater than unity. There is little

difference between the densities of the new and used fluids.

2.3.2 Boiling Point and Distillation Data for the Engine Compartment Fluids
The distillation temperature ranges and boiling points (Tp) were measured following the ASTM

D1120, ASTM D86, and ASTM 2887 Standard Test Methods (Appendix B-1). The measured
data for the boiling point (Ty), initial boiling point (Tj), final boiling point (Tg) and percent
distillation and temperature are listed in Tables B-3-4 to B-3-7 in Appendix B-3.

2.3.2.1 Boiling Points of Fluids Measured by the ASTM D1120 Standard Test Method
The Ty, values for the hydrocarbon-based fluids (motor oils, gear lubrication fluid, power steering

fluids and automatic transmission fluids) were greater than 300 °C and thus could not be
measured as they were beyond the range of the Apparatus at UEC. The T}, values for the non-
hydrocarbon based fluids were less 300 °C and thus it was possible to measure them by this Test
Method. The averages of these measured Ty values for the brake fluids, antifreeze, engine
coolants, and windshield washing fluids are listed in Table 2-4. Following is a summary of the
average T} values for the non-hydrocarbon based fluids:

e Brake fluids (polyglycol ethers): Ty, = 261 °C;

e Antifreeze (ethylene or propylene glycol): T, = 164 °C (literature value is 198 °C for
ethylene glycol);

e Engine coolants (50:50 mixtures of ethylene or propylene glycol and water): Ty = 107 °C,
which is closer to the boiling point of water (T, = 100 °C).

e Windshield washing fluids (methanol-water mixtures): Ty = 81 °C, which is between the Ty,
values for methanol (65 °C) and water (100 °C).
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2.3.2.2 Initial and Final Boiling Points of Fluids Measured by the ASTM D86 Standard
Test Method

The ASTM D86 Test Method, designed for the distillation of petroleum products, is similar to
the ASTM D1120 Test Method, except that the condensate is separated from the boiling fluid via
a condenser.

The Tip to Ty, value ranges for the hydrocarbon-based fluids (motor oils, gear lubrication
fluid, power steering fluids, and automatic transmission fluids) could not be measured by this
Test Method either, as they were beyond the range of the Apparatus at UEC. The Tj, toTy, value
ranges for the non-hydrocarbon based fluids, however, were measured by UEC as they were
within the range of the Apparatus. The measured Tiy, T, and the distillation temperature ranges
for the non-hydrocarbon based fluids are listed in Table B-3-4 in Appendix B-3. The average
values for the distillation temperature ranges (Tjp to Tygp,) for similar groups of fluids are listed in
Table 2-4. Data in Table 2-4 show that the average Tj, values from the ASTM D86 Method are
slightly lower than the Ty values from the ASTM D1120 Method for the non-hydrocarbon based

engine compartment fluids.

2.3.2.3 Initial and Final Boiling Points of Fluids Measured by the ASTM D2887 Standard
Test Method

This Standard Test Method is based on the gas chromatographic measurements and is capable of
measuring the Tjp, Ty and the distillation temperature ranges for all the fluids. Both GM and
UEC used this Method; their measured data are listed in Table B-3-5 to B-3-7 in Appendix B-3.
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Table 2-4. Average Data for Ignition, Distillation and Vaporization for the Engine Compartment Fluids [8,11]

Average (°C) Average (°C) MDSC
Fluids New/ Tiiash T, Thot Lab T Distillation Range Vaporization
Used (Tib to be) Range (OC)
D93 | E659 GM D1120 | D2887 D86 g
GM 318-499
Motor Oils New 1871 351 310 UEC | >304 | 293-560 170-315
Petroleum) GM 158-506
Used 134 >382 313 UEC 155-515 311-369
GM 309-516
Motor Oils New 188 360 323 UEC > 304 265-558 199-330
(synthetic) GM 133-514
Used 160 >382 324 UEC 148.577 324-375
Gear GM 54-524
Lu‘t?rlcatlon New 154 >382 325 UEC > 304 124-622 201-290
Fluid
GM 334-515
Power Steering New 188 ~382 312 UEC > 304 303-543 159-300
Fluids GM 239-523
Used 203 338 321 UEC 256554 378-431
) GM 241-516
?ru;:l)glnaitslsion New 177 333 314 UEC ~304 2612503 217-306
) GM 279-500
Fluids Used 163 >382 304 UEC 269-531 266-330
Brake Fluids New 140 329 287 UEC 261 246-330 209-297
Used 123 283 303 134-239
Antifreeze New 116 >382 506 UEC 164 147-196 144-221
GM T,=192
. New NI >382 518 UEC 07 T0L-191 211-250
Engine Coolants GM T=197
=
Used 110 343 528 UEC 101206 180-238
Windshield GM Ty,= 65
Washing Fluids | &Y | 32 | 7382 UEC 81 74142 | 187220
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The average values of T, and Ty, for similar groups of fluids from the measurements made by

GM (Table B-3-7) are listed in

G 700 | Table 2-4 and plotted in Fig. 2-
O\J 600 | ATfb 1 along with the Tj, and Tg,
w 500 r ®Tib

- i values from the UEC
s 400 | ‘

S 300 measurements.

= I

2 200 ©® ® Figure 2-1 shows that
E 108 5 ' L o . there is a good agreement

0O 100 200 300 400 500 600 700 between the Ty, and T, values
Temperature, GM (°C) measured by GM and UEC,

Figure 2-1 Initial and final boiling points of selected ~ With a few exceptions.
engine compartment fluids measured by GM [9] and The distillation data

UEC [11] by the ASTM D2887 Standard Test Method.
show that the D2887 Standard

Test Method is capable of providing data over a wide temperature range, unlike ASTM D1120
and ASTM D86 Standard Test Methods. The data measured by this Method also appear to be
reasonably accurate. For example, for methanol Ty, = 65 °C from the ASTM D2887 Test Method
(literature value = 65 °C); for ethylene glycol in antifreeze and engine coolant, Ty = 197 °C and
192 °C (new)/197 °C (used) respectively from the ASTM D2887 Test Method compared to the

literature value of 198 °C.

2.3.3 Vaporization

The vaporization behaviors of the selected engine compartment fluids were examined by the
Modulated Differential Scanning Calorimetry (MDSC) (Appendix B-1) [10]. The fluids were
heated in a hermetically sealed aluminum pans with a pinhole covered by a steel ball to avoid
boil over of the fluids before reaching the boiling point. Data were measured by GM for the
vaporization temperature range, peak vaporization temperature (Typeak) and the vaporization
energy (Ey). These data are listed in Table B-3-8 in Appendix B-3. The average values of the
vaporization temperature range for similar groups of fluids are listed in Table 2-4.

The average data in Table 2-4 show that the range for the vaporization temperature for
new fluids from the MDSC are lower than the distillation temperature range from the ASTM D
2887 Test Method for the hydrocarbon-based fluids. However, the trend is reversed for the used
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fluids. For the non-hydrocarbon based fluids, there are closer agreements between the T}, values
and the distillation and vaporization temperature ranges from the ASTM D1120, D2887, D86
Test Methods, and the MDSC, except for the fluids diluted with water (engine coolant and
windshield washing fluids).

2.3.4 Ignition

The ignition behavior of a fluid is expressed in terms of its flash point (Thasnh), its fire point
(T+sire), its autoignition temperature (T,) and its hot surface ignition temperature (Thet) (Appendix
B-2). In the GM sponsored studies, measurements were made for Tqasn and T, for the engine
compartment fluids following ASTM Standard Test Methods [7]. The values of Thot values were
measured by a test method developed by GM [9]. These test methods are briefly described in
Appendix B-1.

2.3.4.1 Flash Point

The value of Taasn of a fluid is the minimum temperature at which the fluid gives off sufficient
vapors to form an ignitable mixture with air near the surface of the fluid or within the test vessel
used [2,3]. Tnaasn values for the fluids were measured by FM Global following the ASTM D93
Standard Test Method. The measured values are listed in Table B-3-9 in Appendix B-3 and the

average Taasn values for similar

450

G 400 - :%%,Sgr;/lfgsﬁg Tib - groups of fluids are listed in Table
__ 350  mWThotversusTfb

o 300 [ y = 0.63x 2-4. Both Taasn and T, values of

C .

% %gg - R _0[92 fluids are governed by the initial
8 150 fluid volatility and thus are
aE) 100 . R

= 58 | interrelated as shown in Fig. 2-2. A

regression analysis of the data
0 100 200 300 400 500 600 700

. suggests that Taasn = 0.63 Tip. The
Tipor Ty, (C)

lowest values for Tj, and Thasn are

Figure 2-2. Relationship between the flash point and 73 °C and 30 "C respectively for the

initial boiling point and between the autoignition npew windshield washing (B10FF020)
temperature, hot surface ignition temperature, and

final boiling point for engine compartment fluids. for winter, which is a mixture of

methanol and water. These low
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values are due to preferential vaporization of methanol relative to water and suggest that this
fluid could easily initiate a fire in the engine compartment of a vehicle in a crash.

The NFPA and DOT specifications use Taasn and Ty values of fluids for their fire hazard
classifications [1]. NFPA uses the temperature for 20% distillation as the Ty values, whereas
DOT uses the T, values (Table 2-1). According to these criteria, the fire hazards of selected
engine compartment fluids would be significantly lower than the fluids classified as IIIB or 0
according to NFPA or Packing Group III according to DOT.

Currently, Tqasn and Ty, are defined in a variety of ways by worldwide organizations.
There is thus a need to agree upon standard definitions that allow classification of liquid
mixtures based on T} or its combination with Taasy [1]. Based on the standard specifications of
varieties of worldwide organizations, the United Nations Conference on Environment and
Development (UNCED) criteria have been developed, where fluids are classified into six distinct
levels of fire hazards [1], as listed in Table 2-5. A comparison of the average data from Table 2-4
with fire hazard criteria in Table 2-5 suggest that engine compartment fluids are below the low
UNCED hazard level, except for the windshield washing fluid, which would be in the medium

hazard level.

Table 2-5. United Nations Conference on Environment and Development (UNCED)
“Harmonization” Criteria for the Fire Hazard Classification of Fluids

Hazard Level Criteria (°C)
Very high danger Tib < 35 and Taasn <23
High danger Tip > 35 and Thash < 23
Medium danger 23 <Tpasn < 60
Low danger 60 < Thash <93

2.3.4.2 Autoignition Temperature
Autoignition temperature is a rapid, self-sustaining, sometimes audible gas-phase reaction of the

sample or its decomposition products with an oxidant. A readily visible yellow or blue flame
usually accompanies the reaction [2,3]. As the temperature of a fluid is increased, the fluid is
first heated to its flash point (Taash). With further increase in the temperature, the fluid is heated
to its fire point (Trre). If the heating of the fluid is continued, the autoignition temperature (T,) is

reached, where its vapors mix with air and ignite without a pilot flame or a heat source.
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The T, values for the selected engine compartment fluids were measured by UEC following the
ASTM E659 Standard Test Method (Appendix B-1). The measured T, values are listed in Table
B-3-9 in Appendix B-3. The averages of these values for each group of fluids are listed in Table
2-4 and plotted in Fig. 2-2 versus the final boiling points (Tf,) of the fluids.

In Fig. 2-2, it can be noted that T, = 0.63 Ty, which is very similar to the relationship
between Thasn and Ty, as expected because autoignition temperature is also governed by the
fluid volatility, although in the later stages of fluid distillation. Since the relationship between T,
and Ty, and between Tqagn and Tp, are similar, the following relationship is suggested:

T /T, =T, / T, (1)

This relationship is supported by the data for the engine compartment fluids plotted in Fig. 2-3.

2.3.4.3 Hot Surface Ignition

The hot surface ignition behaviors of the selected engine compartment fluids were examined by a
new test method developed by GM, where a crucible and a hemisphere cast from gray iron using
green sand molds were used

(Appendix B-1). In each test, the

o 038

s 0.7 T crucible was heated electrically,

X 06

g 05 whereas the hemisphere was

IS 8;‘* heated by a gas burner. Measured
. I

2 02 eTflashandTa |  volume of the fluid was quickly

= 0.1 A Tflash and Thot |

A 0'0 , , | | | poured into the hot crucible or on

00 01 02 03 04 05 06 07 08 top of the hot hemisphere. The
T T time and temperature of the
ib/ T'tb

crucible and the hemisphere were
FIGURE 2-3 Ratio of the flash point to autoignition
temperature and flash point to hot surface temperature
versus the ratio of the initial and final boiling points for  fluid. Five or more replicate tests
the engine compartment fluids.

recorded for the ignition of the

were performed at each crucible or
hemisphere temperature. Data measured in this fashion are listed in Tables B-3-10 to B-3-14 in
Appendix B-3.

The Thot values from the crucible, in Tables B-3-10 to B-3-13 in Appendix B-3, are

measured in enclosed spaces, whereas the Thot values from hot cast iron hemisphere, in Tables B-
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3-14 in Appendix B-3, are measured in the open. The Thet values from the hemisphere increase
significantly with increase in the airflow velocity near the surface and for airflow rate of 2.24
m/s, there is no ignition of the fluid (Table A-3-14, #B10FFO015). The Thet values from crucible
are affected slightly by the fluid temperature (Table B-3-12, #B10FF015). The Thet values from
the hemisphere (minimum temperature for 5/5 ignitions) at zero airflow velocity are about 60 °C
higher than the Ty values from the crucible.

The average Thet values for each class of fluids are listed in Table 2-4 and plotted in Fig.
2-2 against Tyg,. The data in Fig. 2-2 show that Tyet = 0.54 T, and since T, = 0.63 T4y, it can be
shown that The = 0.86 T,. This is supported by the average experimental data listed in Table 2-4.
From Eq. 1 and Tyet = 0.86 T,, the following expressions can be derived:

Thiash / Ty =Tip / Tpyy (2)

Thash / Thot =1.20 Ty, / Tgy, (3)
Average data from Table 2-4 plotted in Fig. 2-3 support this relationship, although there is

scatter in the data for Tqasn/Thet versus Tiy/ T, values.

2.3.4.4 Heat Capacity of the Engine Compartment Fluids and Their Vapors

The data for the heat capacity of fluids were determined from the average mean boiling points
and the API gravity values following the ASTM D2890 Standard Test Method [7,8]. The heat
capacity values for the vapors of the engine compartment fluids were determined by using
MDSC following the ASTM E1269 Standard Test Method [10]. The test methods are described
briefly in Appendix A-1. The measured data are listed in Table B-3-15 and B-3-16 in Appendix

B-3. Literature data for the heat

4.0 ‘ ‘ ‘ ‘
@ Huid A Vapor

3.5 [ Auid:y=0.0042x + 1.84
3.0 | Vapor:y =0.22Ln(x) + 0.76

capacities of gases and liquids are
listed in Tables B-2-3, B-2-5, B-2-7,
and B-2-9 in Appendix B-2.

The heat capacity data for the
A z
15 +l s engine compartment fluids and their

g
o
T

cp (kJ/kg-K)
N
al

10 ' ' vapors plotted in Fig. 2-4, show that

0 50 100 150 200 250 300 350 400 450 o -
Temperature (°C) the values for liquids increase linearly

Figure 2-4 Heat capacities of selected with temperature, whereas for  the
hydrocarbon-based engine compartment fluids

and their vapors.
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vapors, the values increase non-linearly with temperature. The data in Fig. 2-4 suggest that the
heat capacity values for fluids are higher than the values for their vapors. A similar trend is
indicated by the literature data for the hydrocarbon fluids [23]. For these fluids, the ratios of the
heat capacity values for the vapors to liquids are in the range of 0.69 to 0.75 and decrease to 0.56
for the oxygenated fluids. The average ratio of the heat capacity of vapors to that for the liquids
for the selected hydrocarbon—based engine compartment fluids is 0.76 (standard deviation is

0.05).

2.3.4.5 Lower and Upper Flammability Limits

The lower and upper flammability limits (LFL and UFL respectively) of the selected engine
compartment fluids were measured by UEC following the ASTM E681 Standard Test Method
[11]. The measured values for the engine compartment fluids are listed in Table B-3-17 in
Appendix B-3. The LFL and UFL values for other fluids reported in the literature are included
in Tables B-2-3, B-2-5, B-
2-7, B-2-9, and B-2-11 in

100 ] — T
r [ |
[ y=12.12Ln(x)+5.54 | L h Appendix B-2.
w0 | The LFL and UFL
S U F \
E o Eng. Fluids-HC (N) — values for the engine
= ‘ﬁ © Eng.Fluids-Non-HC(N) 177 compartment  fluids  are
1 Eng.Fluids-HC (U) =
A Eng.Fluids-HC (U) —] similar to the values for
& Lit-HC [3,4] ]
ol Lit-Non-HC [3,4] 7 other fluids reported in the
0.1 1 10 100 literature. Aging of the
LFL (%)

engine compartment fluids
Figure 2-5 Correlation between the LFL and UFL values of

the engine compartment fluids and other fluids. HC:
hydrocarbon based fluids; Non-HC: non-hydrocarbon based  the flammability limits. In
fluids; Eng.Fluids: engine compartment fluids; Lit: literature
data for other fluids: N: new; U: used.

does not appear to affect

general, the LFL and UFL
values correlate, except at
low UFL values, as shown in Fig. 2-5. A general correlation between the LFL and UFL values
is included in the figure.

The LFL and UFL values are higher for the non-hydrocarbon-based fluids. Addition of
water increases the limits. For example, LFL = 5.0 to 5.5 for BI0OFF021 and 3.8 to 4.3 for
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B10FF022, whereas LFL = 12.1 for BIOFF035 (B10FF021 + 50% water) and 7.5 for BIOFF036
(B10FF022 + 50% water. Similarly, UFL = 30.1 to 31.1 for BIOFF021 and 18.4 to 19.4 for
B10FF022, whereas UFL = 42.0 for BIOFF035 (B10FF021 + 50% water) and 37.1 to 37.7 for
B10FF036 (B10FF022 + 50% water).

2.3.4.6 Heat of Vaporization

The vaporization behavior of the engine compartment fluids was examined by the Modulated
Differential Scanning Calorimetry (MDC) by GM [10]. The measured vaporization data were
used to determine the vaporization temperature range, peak vaporization temperature (Typeak)
and the vaporization energy (Ey). These data are listed in Table B-3-8 in Appendix B-3.

The measured vaporization data in Table B-3-8 were used to calculate the heat of
vaporization (AHy) of the fluids, using Eq. B-2-17 (Appendix B-2) with T, = 25 °C and T}, =
initial vaporization temperature. The values of AH, calculated in this fashion for the engine
compartment fluids are listed in Table B-3-16 in Appendix B-3. The average values of AH, for
similar class of the engine compartment fluids are listed in Table 2-6. These values for the
engine compartment fluids are similar to the AH, values for generically similar fluids reported in
the literature (Tables B-2-4, B-2-6, B-2-8, B-2-10, B-2-12, and B-2-13 in Appendix B-2). The
AH, values for the engine compartment fluids provide the necessary information to calculate:

e Molecular weights (M) of the engine compartment fluids in combination with their boiling
points, Ty (Eq.B-2-5 in Appendix B-2);

 Release rate of the engine compartment fluid vapors (m, ) in combination with the net heat
flux, q, (Eq. B-2-11 in Appendix B-2; for large pool fires of fluids, ¢.= 33 kW/m?,

irrespective of the generic nature of the fluids);

e Heat release rate (Q:) in the burning of the engine compartment fluids in combination with
the m, value and heat of combustion, AH; (Egs. B-2-12 and B-2-13 in Appendix B-2);

e Generation rates of products (G;) in the burning of the engine compartment fluids in
combination with the m, value and product yields, y;j (Egs. B-2-14 and B-2-15 in Appendix
B-2);

e Lower flammability limit (LFL) for the engine compartment fluids in combination with the
M value, flash point (Tqash) and Ty, values of the fluids (Eq. B-2-4 in Appendix B-2).
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Table 2-6. Average Combustion Property Data for the Engine Compartment Fluids

New/

Fluids Used AHv AHT AHch AHcon AHrad Yeo Yeo2 Ysm
1. Motor Oils New 0.400 | 42.8 | 284 12.8 155 | 0.019 | 2.12 | 0.052
Petroleum) Used | 0.553 | 41.7 | 30.6 15.1 15.5 | 0.018 | 2.23 | 0.059
2. Motor Oils New 0.369 | 423 | 28.7 12.7 16.1 | 0.016 | 2.16 | 0.044
(synthetic) Used | 0.565 | 41.2 | 27.4 11.6 158 | 0.014 | 2.04 | 0.071

3. Gear Lubrication | o0 | 0oga | 427 | 307 | 13.6 | 17.1 | 0.025 | 2.29 | 0.072

Fluid

4. Power Steering New | 0.371 | 41.9 | 254 11.6 13.8 | 0.021 | 1.90 | 0.064
Fluids Used | 0592 | 41.3 | 304 13.8 16.6 | 0.023 | 2.27 | 0.077
5. Automatic New 0486 | 42.6 | 258 11.5 143 | 0.020 | 1.92 | 0.061
Transmission Fluids | Used 429 | 324 15.1 173 | 0.024 | 2.41

6. Brake Fluids New | 0.574 | 25.7 | 22.0 12.9 9.1 0.004 | 1.66 | <0.001

Used | 0.377 | 25.2 | 23.8 17.1 6.7 10.002 | 1.79 | 0.007

7. Antifreeze New | 0.754 | 19.9 | 16.1 9.8 6.3 0.005 | 1.21 | 0.006

New 1.387 No Ignition

8. Engine Coolants

Used | 1.309 No Ignition

9. Windshield

Washing Fluids New 1.326 | 16.9 | 10.9 3.8 3.8 0.008 | 0.89 | 0.010

2.3.4.7 Heat of Combustion and Yields of Products

The net complete, chemical, convective, and radiative heats of combustion and yields of products
quantified for the engine compartment fluids are listed in Table B-3-18 in Appendix B-3.
Literature values for other fluids are listed in Tables B-2-4, B-2-6, B-2-8, B-2-10, B-2-12, and B-
2-13 in Appendix B-2. The heats of combustion for engine compartment fluids are very similar
to the literature values for generically similar fluids.

The fire intensity is governed by the heat release rate and the contamination of the fire
environment by the release rates of products, airflow rates and mixing of products and air. Heat
release rate and generation rate of products depend on the heat of combustion, yields of products
and release rate of the fluid vapors and/or droplets.

Burning of Fluids Released as Vapors and/or Liquid Droplet Sprays

For fluids burning as vapors and/or liquid droplet sprays, the heat release rate and generation

rates of products are expressed as:
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a) Heat release rate = mass flow rate of the fluid in the spray x heat of combustion;

b) Generation rate of a product = mass flow rate of the fluid in the spray x product yield ;

Burning of Fluids in Liquid Pools

For fluids burning as liquid pool fires, the heat release rate and generation rates of products are

expressed as:

e Release rate of fluid vapors: heat of vaporization (AHy) of the fluid times the net heat
flux from the flame to the surface (¢, ) (Eq. B-2-11 in Appendix B-2);

* Heat release rate: release rate of fluid vapors time the heat of combustion (AH.n) (Egs.
12 in Appendix C-2) or Heat Release Parameter, HRP (AHon/AH,) times ¢, (Eq. B-2-13
in Appendix B-2);

= Generation rates of products: release rate of fluid vapors time the product yields (y;) (Eq.
B-2-14 in Appendix B-2) or Product Generation Parameter (y;/AH,) times q, (Eq. B-2-
15 in Appendix B-2).

Results from various studies on large-scale pool fires of fluids indicate that ¢, = 33 kW/m?,

irrespective of the generic nature of the fluids, leading to Eqs. B-2-19 and B-2-20 in Appendix
B-2 and thus the quantified data for the fire properties of the engine compartment fluids can be
used to estimate the maximum possible heat release rate and generation rates of the products
expected in pool fires of the spilled fluids under the vehicle in crashes. These estimates are
shown in Figs. 2-6 and 2-7.

The estimated heat release rates for the hydrocarbon based engine compartment fluids are
higher than the rates for the non-hydrocarbon based fluids. The estimated heat release rates for
the engine compartment fluids generically similar to other fluids are comparable, suggesting that
hazards from the engine compartment fluids are expected to be similar to the hazards for other
fluids.

The estimated generation rates of CO and smoke for the hydrocarbon based engine
compartment fluids are significantly higher than for the non-hydrocarbon based fluids and are
comparable to those for the generically similar fluids, data for which are reported in the
literature. The estimates suggest that under similar scenarios, hydrocarbon based engine
compartment fluids are expected to create more hazardous fire environments than the non-

hydrocarbon based fluids.
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Engine Compartment Fluids
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Figure 2-6. Estimated heat release rate for the engine compartment
fluids and other fluids. N: new; U: used. Fluids are identified by
numbers. The numbers for the engine compartment fluids are listed in
Table 2-6 and for other fluids in Table B-2-2 in Appendix B-2.
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Figure 2-7 Estimated generation rates of CO and smoke for the engine
compartment fluids. N: new; U: used. Numbers for the engine compartment
fluids are listed in Table 3-5.
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NOMENCLATURE

a; Mass coefficient for product yield (g/g)

b; Molar coefficient for the product yield (g/mole)

Cp Heat capacity (kJ/g-K)

E, Vaporization energy (kJ/g)

h; Mass coefficient for heat of combustion (kJ/g)
AHp Chemical heat of combustion (kJ/g)

AH,n Convective heat of combustion (kJ/g)

AH,.q Radiative heat of combustion (kJ/g)

AHry Net heat of complete combustion (kJ/g)

AH, Heat of vaporization (kJ/g)

LFL Lower flammability limit (%)

m, Release rate of vapors (g/m’-s)

m; Molar coefficient for heat of combustion (kJ/mole)
M Molecular weight (g/mole)

q'f' Flame heat flux per unit surface area (kW/m?)

q. Net flam heat flux (kW/m?)

q. Surface re-radiation loss (kW/m?)

Qch Chemical heat release rate per unit surface area (kW/m?)
R Universal gas constant (8.314 J/mole-K)

s Stoichiometric mass air-to-fuel ratio (g/g)

tr Retention time of a fluid component in the GC column (min)
T, Autoignition temperature (AIT) (°C)

Ty Boiling point (°C)

Thasn Flash point (°C)

Tire Fire Point (°C)

T Final boiling point (°C)

T Initial boiling point (°C)

Thot Hot surface ignition (°C)

Tiv Initial vaporization temperature (°C)

T, Ambient temperature (°C)

Ty, peak Peak vaporization temperature (°C)

UFL Upper flammability limit (%)

¥ Yield of product j (g/g)

p Density (kg/m’)

X Combustion efficiency

Xrad Radiative component of the combustion efficiency
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A-1-1. INTRODUCTION

In the GM, NHTSA and MVFRI research projects, several plastics from parts from a 1996
Dodge Caravan and a 1997 Chevrolet Camaro were used in the mini-scale and small-scale tests.

Fire tests were also performed using the vehicle parts as well as the entire vehicles. Some of the
plastics in major parts of the vehicles are identified in Figures A-1-1 and A-1-2.
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FIGURE A-1-1 Front and side view of a motor vehicle
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TOP VIEW OF ENGINE COMPARTMENT
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FIGURE A-1-2 Top view of the engine compartment of a motor vehicle.

The vehicle parts examined in the studies and their compositions are listed in Tables A-1-1 to A-
1-7.
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Table A-1-1 Plastics in a 1996 Dodge Caravan Parts [1]

Part Description Plastic V\ﬁg)ht
GJ42SKAA headliner, backing - top layer, structural support Polyethyleneterephthalate (PET)
GJ42SK4B | headliner, high density foam - layer 3 Fl\’/?[')ﬁ‘;ther urethane (PEU + methyldiisocyanate,
GJ42SK4C headliner, low density foam - layer 2 Polyester urethane (PESPU) with Surlyn film
GJ42SKAD headliner, fabric - exposed surface, bottom layer Nylon 6
GJ42SKAE headliner, center-structural support PET binder on glass
Whole system 2.61
JEA8SKA ::r;s\f(ral;ment panel, foam - between structure and PEU +MDI
JF48SK5B instrument panel, cover - exposed surface Polyvinylchloride (PVC)
JFA48SKC instrument panel, structure Polycarbonate (PC)
Whole system 3.61
PL98SX8A | instrument panel shelf, main panel PC
PL98SX8B instrument panel shelf, foam - small seals PEU
Whole system 2.75
4612512A resonator, structure, Polypropylene (PP) 0.71
4612512B resonator, intake tube Ethylene-propylene-diene monomer (EPDM) 0.29
4612512C resonator, effluent tube EPDM 0.14
Whole system 1.14
4674711A Kick panel insulation, foam Polyether urethane
4674711B kick panel insulation, backing PVC
Whole system 4.82
4678345A air ducts, small ducts Polyethylene (PE)
4678345B air ducts, large ducts PP
Whole system 4.26

Table A-1-1 continued on the next page
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Table A-1-1 Continued from the previous page

Part Description Plastics V\éilg)ht
4680250A steering column boot, inner interior boot Natural rubber (NR) 0.04
4680250B steering column boot, cotton shoddy Mixture of cotton, polyester, and other fibers 0.02
4680250C steering column boot, outer interior boot Polyester co-polyester elastomer 0.10
Whole system 0.17
4683264A brake fluid reservoir, reservoir PP 0.67
4683264B brake fluid reservoir, cap PP 0.07
4707580A wire harness tube, tube PE 0.07
4707808A door lock contact, wire coating
4707808B door lock contact, wire mesh - grouped wires
4707743C door lock contact, structure Poly (acrylonitrile-butadiene-styrene), ABS
4716051 windshield wiper tray, structure Sheet molding compound (SMC) 3.40
4716345A fender.insulation, low density foam for sound Polystyrene (PS)

reduction
47163458 fender.insulation, high density foam for sound PS

reduction
Whole system 0.11
4716832A hood liner, insulation (back) PET, cellulose and epoxy
4716832B hood liner, face PET
Whole system 1.00
4716895 wheel well cover, fuel tank shield PP 0.56
4734025 HVAC unit-door, foam covering 0.29
4734033 HVAC unit, door- for thermostat PVC 0.08
4734039A HVAC unit door, structure Nylon 66
4734039B HVAC unit door, rubber seal Thermoplastic polyolefin (TPO)
4734041A HVAC unit door, structure Nylon 66
4734041B HVAC unit door, rubber seal TPO
Whole system 0.11

Table A-1-1 continued on the next page
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Table A-1-1 continued from the previous page

Part Description Plastic V\@g)ht

4734042A HVAC unit door, structure

4734042B HVAC unit door, rubber seal

Whole system 0.10

4734063 HVAC unit, cover PP

4734067A HVAC unit seal, foam - heating coil entrance ABS and PVC blend

4734067B HVAC unit seal, backing - heating coil entrance Ethylene vinyl acetate (EVA)

Whole system 0.05

4734071 HVAC unit , top main housing-contains coils, PP 0.87
doors and fan

4734072 HVAC unit, bottom main housing - contains coils, PP 161
doors and fan

4734073 HVAC unit, fan top cover PP 0.29

4734074 HVAC unit, fan bottom cover PP 0.11

4734080 HVAC unit, cover-for directional control PP

4734081 HVAC unit, deflector- for air flow PP 0.09

4734225 HVAC actuator, casing PP 0.15

4734367 HVAC unit, housing PP 0.25

4734370 HVAC unit, seals - both large and small ABS and PVC blend 0.04

4734396 HVAC unit, seal

4734650 HVAC unit, seal 0.02

4734651 HVAC unit, seal 0.01

4734724 HVAC unit, defogger tube TPO 0.03

4883140A fuel tank, tank PE

4883140B fuel tank, hoses Nylon 12

4883140C fuel tank, threads/seal-for fuel pump PE

Whole system 8.48

Table A-1-1 continued on the next page
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Table A-1-1 continued from the previous page

Part Description Plastic V\zf('gg)ht
4857041A headlights, lens PC
4857041B headlights, backing PC
4857041C headlights, retainer Polyacetal (polyoxymethylene, POM)
4857041D headlights, bulb support structure-halogen Polyimide
4857041E headlights, leveling mechanism PC
Whole system 1.70
4364944A battery casing, top PE/PP blend
4364944B battery casing, sides and bottom PE/PP blend
5235267 battery cover PP 0.36
Whole system 17.30
4675359A hood to cowl weather stripping, foam EPDM
4675359B hood to cowl weather stripping, foam , rubber base | EPDM
Whole system 0.44
4716896A Bulkhead insulation engine side, exterior/face Mixed fibers: cotton, nylon 66, and glass
4716896B Bulkhead insulation engine side, insides PVC coating over glass
4716896C Bulkhead insulation engine side, support structure | PVC-hydrocarbon elastomer
Whole system 2.38

3009

| grommet - wire harness cap for 3008

| EFDM
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Table A-1-2 Organic and Inorganic Fillers in Plastics in a
1996 Dodge Caravan Parts [1]

Inorganic Filler Organic .
Part Plastic Type % Filler %3229)/
(%0)
GJA2SKAA | PET Si, Ca 37.5 0.02 0.69
GJ42SK4B | PU 0.6 0.10 0.10
GJ42SKAC | PU 0.6 0.01 0.06
GJ42SK4D | Nylon 6 1.4 0.03 1.20
JF48SK5A | PU 0.5 0.13 0.11
JF48SK5B | PVC Si, Ca 8.0 0.09 1.20
JF48SK5C | PC 0.4 0.10 112
PLO8SX8A | PC 0.2 0.16 118
PLI8SX8B | PU S, Sr, Ba 37.3 0.00 0.09
3009 EPDM 1.9 0.49 121
4364944A | PE/PP blend 0.3 0.00 0.91
43649448 | PE/PP blend 0.3 0.00 0.88
4612512A | PP 20.4 0.01 1.06
4612512B | EPDM Si, Ca 1.9 0.43 115
4612512C | EPDM 17 0.45 1.16
A674711IA | PU Si, S, Ba 11.0 0.00 0.02
4674711B | PVC S, S, Ca Ba (CaCOs | 44 1.95
BaSQO,)
4675359A | EPDM ?;'I%) Si. S, Ca, Zn (CaC0s, | 454 0.21 0.44
4675359B | EPDM CaCO;z 14.6 0.32 0.41
4678345A | PE 0.0 0.01 0.95
46783458 | PP Mg, Si (talc) 18.8 0.03 1.04
46802504 | Natural Si, S, Ca, Zn 7.7 0.33 1.26
rubber
4680250B | Fibers 2.9 0.16 0.22
4680250C Polyester Si, Ca, S 18.1 0.01 1.15
4683264A | PP 0.0 0.00 0.90
4683264B | PP 0.8 0.00 0.90
4707580 PE 0.3 0.00 0.95
4707808A Al 35.8 0.00 1.16
4707808B 2.3 0.09 1.10
4707743C | ABS 44 0.00 1.07
4716051 | SMC Mg, Al, Si, Ca (glass fibers, | 7 0.04 1.64
CaCO)

A4716345A | PS Na, Mg, Al Si, Ca Zn| o g 0.02 0.90

(Kaolin)

Table A-1-2 continued on the next page
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_ Inorganic Filler Organic Density
Part Plastic Type % F(:)I/Ioe)r © /Cmg)

4716345B PS Al, Si, Ti, Zn (Kaolin) 39.0 0.03 1.30

PET, .
4716832A cellulose and M_g_, SIS, Ca, Cu, zn 2.4 0.30 0.09

(silicate)

epoxy
4716832B PET Mg, Si, Ca, Sb 1.3 0.31 0.66
4716895 PP 2.2 0.02 0.93
4716896A Mixed fibers | Al, Si, S (glass) 7.9 0.17 1.60

Mg, Al, Si, Ca, Ti, Ba

4716896B PVC (glass, CaCOs, Kaolin) 449 0.04 1.00
a716896C | V& 42.0 0.01 1.60

Hydrocarbon
4734025 0.2 0.07 0.11
4734033 PVC 15.6 0.23 1.38
4734039A Nylon 66 37.3 0.02 1.46
4734039B TPO 11.1 0.01 0.93
4734041A Nylon 66 39.3 0.00 1.50
4734041B TPO 13.6 0.01 0.97
4734042A 39.2 0.05 1.50
4734042B 12.5 0.02 0.98
4734063 PP Mg, Si (talc) 36.1 0.02 1.19
4734067A ABS/PVC CaCO; 16.9 0.14 0.10
4734067B talc 16.8 0.47 2.10
4734074 PP talc 36.1 0.00 1.21
4734225 PP 30.4 0.00 1.11
4734367 PP 35.2 0.00 1.20
4734370 ABS /PVC 18.5 0.14 0.07
4734396 0.12
4734650 0.11
4734651 0.17
4734724 TPO 0.97
4883140A PE 0.0 0.00 0.94
4883140B Nylon 12 0.4 0.00 1.04
4883140C PE 0.3 0.00 0.95
4857041A PC 0.2 0.18 1.19
4857041B PC 0.2 0.21 1.20
4857041C POM 0.2 0.00 141
4857041D Polyimide 30.2 0.25 1.59
4857041E PC 0.0 0.19 1.18
5235267 PP 0.2 0.01 0.90
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Table A-1-3. Base Plastics and Additives in a 1997 Chevrolet Camaro Parts [5]

No. Part Description Base Plastic and Additive
1 Front bumper fascia Polyurethane
2 Front bumper fascia lower deflector Propylene-ethylene copolymer
3 Headlamp support panel Propylene-ethylene copolymer
4 Rear bumper fascia Polyurethane
5 Rear bumper fascia energy absorber Polyethylene
6 Rear bumper impact bar Polypropylene
7 Front wheelhouse panel liner Propylene-ethylene copolymer
8 Hood insulator- backing Polyethylene
9 Hood insulator- fiber Glass fiber / phenolic binder
10 | Hood insulator - scrim Nylon 6 (benzoic acid)
11 | Airinlet screen Propylene-ethylene copolymer
12 | Radiator inlet tank Nylon 6/6 (organic-Cu compound)
13 | Engine coolant fan shroud Nylon 6/6
14 | Radiator upper mounting panel Nylon 6/6
15 | Radiator air lower deflector Propylene-ethylene copolymer
16 | Radiator air lower baffle Propylene-ethylene copolymer
17 | Radiator air upper baffle Propylene-ethylene copolymer
18 | Air cleaner housing cover Propylene-ethylene copolymer
19 | Air cleaner outlet duct Nylon 6
20 | Mass air flow sensor Propylene-ethylene copolymer
21 | Air cleaner outlet rear duct Ethylene-propylene-butadiene copolymer
22 | Brake master cylinder reservoir Propylene-ethylene copolymer
23 | Power steering fluid reservoir Nylon 6/6
24 | Battery storage tank Propylene-ethylene copolymer
25 | ABS/TCS relay cover Propylene-ethylene copolymer
26 | Wire conduit Propylene-ethylene copolymer
27 | Windshield wiper blade Polyisoprene
28 | Windshield wiper arm Polyethyleneterephthalate polyester
29 | Windshield wiper arm finishing cap Styrene-ethylene-butane copolymer
30 | Windshield inner-layer Polyvinyl butyral, dihexyl dipate, tinuvinP
31 | Windshield washer solvent container Polyethylene
39 Instrument panel compartment - front Polypropylene
panel
33 | Instrument panel compartment- box Propylene-ethylene copolymer
34 | Instrument cluster- lens Styrene/acrylonitrile copolymer

Table A-1-3 continued on the next page
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Table A-1-3 continued from the previous page

No. Part Description Base Plastic and Additive
35 | Instrument cluster- housing Acrylonitrile-butadiene-styrene copolymer
36 | Instrument cluster- housing Polystyrene-phenolic resin
37 | Instrument panel cluster trim plate Styrene/acrylonitrile copolymer
el Acrylonitrile-butadiene-styrenecopolymer bis(2-
38 | Instrument panel-skin ethylhexyl phthalate)
39 | Instrument panel - foam Polyurethane
40 | Instrument panel - structure Polystyrene
41 | Instrument panel upper trim panel Poly(bis-phenol A carbonate)
42 | Dash sound barrier - film Polyethylene
43 | Dash sound barrier - foam Urethane, triphenyl phosphate
44 Windshield defroster nozzle and air Polvoroovlene
distributor ypropy
45 | Dash panel insulator-film Polyethylene
46 | Dash panel insulator- foam Polyurethane
47 | Instrument panel driver knee bolster Polypropylene
48 | Front floor console door Propylene-ethylene copolymer
49 Steering wheel inflatable restraint Polyvinylchloride
module - cover
50 Steering W_heel inflatable restraint Nylon 6/6 with neoprene coating
module - air bag
51 Instrument_ panel inflatable restraint Nylon 6/6
module - air bag
52 | HVAC module rear case Polypropylene
53 HVAC module auxiliary  A/C | Polyester, diallylphthalate Ci;s and Cig acid
evaporator and blower lower case derivates
54 HVAC module vent mode valve - Polyurethane
foam
55 | Front side door trim panel insert Propylene-ethylene copolymer
56 | Front side door trim panel map pocket | Propylene-ethylene copolymer
57 sFIE?nnt side door trim panel armrest - Polyvinyl chloride, phthalate esters
58 :c:ront side door trim panel armrest - Polyurethane
oam
59 E{)(;)Ztr side door trim panel - carpet Polyethylene terphthalate polyester
60 Front side door trim panel - carpet Nylon 6

lower

Table A-1-3 continued on the next page
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Table A-1-3 continued from the previous page

No. Part Description Base Plastic and Additive
61 | Front seat cushion - sew pad Urethane/styrene/acrylonitrile
62 | Front seat cushion - pad Urethane/styrene/acrylonitrile
63 | Front seat cushion - cover seating area | Polyethyleneterphthalate polyester
64 front seat cushion bottom cover & rear Polypropylene

seatback back cover
65 | Rear seat cushion - backing (I;’_olyethyleneterphthalate polyester, glutaric acid

i-N-butyl eater
66 | Rear seat cushion cover - seating area | Polyethyleneterphthalate polyester
67 | Rear seat cushion cover - side panels Polypropylene
68 | Seat belt Polyethyleneterphthalate polyester
69 | Floor carpet - pile Nylon 6
70 | Floor carpet - weave Polyethyleneterphthalate polyester
71 | Floor carpet - backing Polyethylene
. Ethylene-propylene-butadiene copolymer,

72| Floor pan drain hole plug ben}z/othiagole? é-(z-butoxyethoxy)petganoI
73 | Headlining trim finish panel - substrate | Glass fiber with novolac binder
74 | Headlining trim finish panel - foam Polyurethane
75 | Headlining trim finish panel - fabric Nylon 6
76 | Quarter inner trim finishing panel Propylene-ethylene copolymer
77 | Fuel tank filler pocket Propylene-ethylene copolymer
78 | Rear compartment carpet - backing Polyethyleneterphthalate polyester/polypropylene
79 | Rear compartment carpet - pile Polyethyleneterphthalate polyester
80 | Rear speaker - seal Polyurethane
81 | Rear speaker - screen Polyethyleneterphthalate polyester/polypropylene
82 | Rear speaker - grille Propylene-ethylene copolymer
83 | Rear end spoiler Polyester
84 | Rear compartment lift window panel Polyester
85 Rear compartment lift window inner Propylene-ethylene copolymer

panel cover
87 gfﬁ)r compartment lift window weather Propylene-ethylene copolymer, diphenyl ether
88 ngzzoutcgamngfgsr;]:rwbIy-lklztckin\gmdow Polyethyleneterphthalate polyester
89 Rear  compartment Iift window Polypropylene

closeout panel assembly-binder
90 Rear compartment lift window Nylon 6

closeout panel assembly- felt
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Table A-1-4 Plastics in a 1997 Chevrolet Camaro Parts [4]

Part Description Plastic Mass (kg)
10132027A Windshield laminate Polyvinyl butyral/polyvinyl alcohol
10132027B Windshield washer reservoir PE
10138735 I(;E,gtmg and Ventilation, side window defogger - outlet Ethylene-Vinyl Acetate copolymer 0.04
10153750 Heating and Ventilation, floor air outlet distributor - duct | PP/PE copolymer 0.13
10208798 Floor drain plug, - structure Hydrocarbon Plastic (EPR or EPDM) 0.01
10229657 Radiator air lower deflector PP/PE copolymer
10231299 Bumpers, Rear bumper fascia - structure PU (Polyurethane — MDI/poly(2-propylene glycol)) 6.18
10242723 Radiator air lower baffle PP/PE copolymer
10243962 Radiator and Engine Cooling, Radiator air upper baffle PP/PE copolymer 0.56
10244975A Radio speaker grille fiber film PET/PP binder
10244975B Radio speaker grille PP/PE copolymer
10246204A Body Front End, Cowl air inlet (left) - seal PP/PE copolymer
10246204B Body Front End, Cowl air inlet (left) - Structure PP/PE copolymer
10246274 Front bumper fascia lower deflector PP/PE copolymer
10248339 Rear compartment lift window inner panel cover PP/PE copolymer
10253519 Rear end spoiler SMC
10253673 Quarter inner trim finishing panel PP/PE copolymer
10267995 Fuel tank filler pocket PP/PE copolymer
10269100A Instrument Panel and Gages, Instrument panel - structure | Polystyrene 9.06
10269100B Instrument Panel and Gages, Instrument panel - padding | Acrylonitrile butadiene Copolymer
10269100C Instrument Panel and Gages, Instrument panel - covering | Acrylonitrile butadiene Styrene TerPlastic (ABS) 231
10269102A Instrument Panel and Gages, Instrument panel upper trim Styrene/acrylonitrile copolymer

panel - structure

102691028 Instrument Panel and Gages, Instrument panel upper trim Ethylene-Vinyl Acetate Copolymer

panel - seals

Table A-1-4 continued on the next page
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Table A-1-4 continued from the previous page

Part Description Plastic Mass (kg)
10269102C Instrument P_anel and Gages, Instrument panel upper trim
panel - seal film
10270975 Dash sound barrier top layer (RH) PE
10273234A | Hood insulator top PE
10273234B Hood insulator media Phenol/formaldehyde/glass fiber
10273234C | Hood insulator scrim Nylon6/PMMA/phenolic
10273748A | Front floor console door PP/PE copolymer
10273748B | Driver air bag Nylon 6/6/neoprene coating
10273748C | Passenger air bag Nylon 6/6
10274341 Instrument panel cluster trim plate Styrene/acrylonitrile copolymer (SA)
10277295A | RH front side door interior trim panels PP/PE copolymer
10277295B LH front door interior trim panel PP/PE copolymer
10277295C | Front door map pocket PP/PE copolymer
10277446 A Heating and ventilation, distributor, windshield PP
defroster nozzle — duct
102774468 Heating and Ventilation, Distributor, windshield defroster
nozzle - seal
10277466 Heat_lng_ and Ventilation, main  instrument panel PP 537
ventilation ducts - ducts and supporting structure
10277772A Interlc_)r trim, Headliner trim finish panel assembly — Nylon 6
covering
102777798 _Inter_lor trim, Headliner trim finish panel assembly — PU
interior foam
10277772C Interior trim, _Headlmer trim finish panel assembly - Phenolic resins
structural backing (yellow)
10278015A Body Front End, Hood insulator - black fibrous structure | Nylon 6 and Phenolic Binder (Novalac) 0.62
10278015B Body Front End, Hood insulator - insulating fibers Phenolic Binder (Novalac)

Table A-1-4 continued on the next page
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Table A-1-4 continued from the previous page

Part Description Plastic Mass (kg)
10278989A Body Rear End, Rear compartment lift window closeout Nylon 6 1.80
panel assembly —carpet like coating
102789898 Body Rear End, Rear compartment lift window closeout PP
panel assembly -structure
10278989C Rear compartment lift window panel SMC
10278989D Rear compartment lift window closeout panel assembly PET
— fabric surface
10282257A :)T:;?énem Panel and Gages, Dash sound barrier - black Polyethylene and Vinyl Acetate copolymer 5.73
102822578 !nstrument Panel and Gages, Dash sound barrier - PU
insulating foam
10280337 RH headlamp support panel PP/PE copolymer
10280338 LH headlamp support panel PP/PE copolymer
10282914A | Rear compartment carpet backing PET/PP binder
10282914B Rear compartment carpet surface PET
10284967 Body front end, front fender - structure Styrene cross linked polyester 3.27
10286360 Instrument panel drive knee bolster PP
10288156 Radiator upper mounting panel Nylon 6/6
10290204A | Floor carpet surface Nylon 6
10290204B Floor carpet binder PE/PET
10290204C Floor carpet backing PE
10296525 Body front end, front wheelhouse panel liner (right &
226 left) — structure PP/PE copolymer 1.11
11515174 Foam around radio rear speaker PU
12530564 Seat belt PET

Table A-1-4 continued on the next page
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Table A-1-4 continued from the previous page

Part Description Plastic Mass (kg)

16215781A Instrl_Jment Panel and Gages, Instrument cluster - black ABS
housing

16215781 B Lr;sl;tgjr?;ent Panel and Gages, Instrument dust - white pS/phenolic resin
16215781C Lr;sl;tgjr?;ent Panel and Gages, Instrument cluster - clear Styrene/acrylonitrile copolymer
16514312 Bumpers, Rear bumper fascia energy absorber - structure | Ethylene-Vinyl Acetate Copolymer 4.46
16524838 Bumpers, Headlamp support panel - structure PP/PE copolymer 1.93
16632714 RH door carpet upper section PET
16632715A LH door carpet lower section Nylon 6
16632715B LH door carpet upper section PET
16632715C RH door carpet lower section Nylon 6
16633455 Interior Trim, Quarter inner trim finishing panel PP/PE copolymer
16795366 Seats, Rear seatback cushion - formed foam PU
16795385A | Seats, Rear seatback back cover - foam PP
16795385B | Seats, Rear seatback back cover PP
16795385C | Seats, Rear seatback back cover PET
16795385D | Fiber cover under seat cushion PP
17997632A | Instrument panel compartment front door PP
17997632B Instrument panel compartment rear section PP/PE copolymer
18020021 Brake master cylinder reservoir PP/PE copolymer
20294219 Rear bumper impact bar PP
22098787 Radiator and engine Cooling, Engine coolant fan Nylon 6/6 0.43
22121694 Windshield wiper blade Polyisoprene
53154388 & Windshield wiper support arm (RH & LH) PET
22154389B | Windshield wiper arm seal Styrene/ethylene/butene copolymer
25147156A | Air cleaner manifold air filter PP/PE copolymer

Table A-1-4 continued on the next page
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Table A-1-4 continued from the

revious page

Part Description Plastic Mass (kg)
25147156B | Air cleaner manifold elbow Nylon 6
25147156C | Air cleaner manifold mass air filter sensor PP/PE copolymer
25147156D | Air cleaner manifold boot EPDM
26024352 Fluid reservoirs, power steering fluid reservoir Nylon 6/6 0.27
52458712 Heating and ventilation, case heater cover (RR) — structure 0.24
52458713 Heating and ventilation, case air distributor front PP 0.62
52458898 Heating and Ventilation, case, shroud (temp valve) PP 0.43
52458938 Heating and Ventilation, heater front case seal PU 0.04
52458941 Heating and Ventilation, heater core shroud seal PU 0.01
52458960 Heating and Ventilation, case heater (RR) PP
52458961 A :c-(l)zarl;t]lng and Ventilation, heater core tube seal - Dark PU
524589618 Heating and Ventilation, heater core tube seal - Light
colored foam
52458965 Heating and Ventilation, A/C evaporator and upper PP 0.57
blower case - structure
52458972 Heating and Ventilation, A/C evaporator seal PU
52458976 Heating and Ventilation, case aux a/c evaporator and PU 176
blower lower
52461468A Heating and Ven_tllatlon, Case, mode with valve inlet and Nylon 6,6 038
outlet - door (white)
52461468B Heating and \_/entllatlon, Case, mode with valve inlet and PP
outlet — Housing (black)
52461468C Heating and Ventilation, Case, mode with valve inlet and PP/PE copolymer
outlet - seal
52461468D Heating and Ventilation, Case, mode with valve inlet and PP/PE copolymer
outlet - seal
52464968 Heating and Ventilation, seal, air distributor case 0.04

Table A-1-4 continued on the next page
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Table A-1-4 continued from the previous page

Part Description Plastic Mass (kg)
52465340 Fluid reservoirs, Radiator outlet tank - structure Nylon 6/6 0.41
52472378 Heating and Ventilation, valve mode - seal PU 0.22
62019594A | Power steering fluid reservoir Nylon 6/6
62019594B Battery storage tank PP/PE copolymer
62019594C | ABS/TCS Relay cover PP/PE copolymer
62019594D | Wire harness wrap PP/PE copolymer

Table A-1-5. Inorganic Fillers and Organic Residue in Plastics in a 1997 Chevrolet Camaro Parts [4]
o In0|_’ganic Org_anic Density
Part Description Filler Residue (g/cm?)
Type | % (%)
1038735 Heating and Ventilation, side window defogger - outlet duct 0.2 0 0.80
1053750 Heating and Ventilation, floor air outlet distributor - duct 17.4 0 1.04
10208798 Floor drain plug, - structure Si 3.1 43 1.19
10231299 Bumpers, Rear bumper fascia - structure 3.5 20 1.04
10243962 Radiator and Engine Cooling, Radiator air upper baffle 0.2 1 0.88
10246204A Body Front End, Cowl air inlet (left)-seal 1.6 0 1.14
1046204B Body Front End, Cowl air inlet (left)-structure 1.1 2 0.89
1069100A Instrument Panel and Gages, Instrument panel - structure 21.0 0 0.96
1069100B Instrument Panel and Gages, Instrument panel - padding 0.3 8 0.06
10269100C Instrument Panel and Gages, Instrument panel - covering 5.0 21 0.89
10269102A Instrument Panel and Gages, Instrument panel upper trim panel - structure 1.2 18 1.18
10269102B Instrument Panel and Gages, Instrument panel upper trim panel - seals 0.7 0 0.04
10269102C Instrument Panel and Gages, Instrument panel upper trim panel - seal film 1.5 1 0.03
10277446A Heating and Ventilation, Distributor, windshield defroster nozzle - duct 17.6 2 1.05
10277446B Heating and Ventilation, Distributor, windshield defroster nozzle - seal 22.8 0 0.04

Table A-1-5 continued on the next page
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Table A-1-5 continued from the previous page

Inorganic Filler | Organic .
L. . Density
Part Description Type % Rii}od)ue @ /Cmg)
10277466 Heating anq Ventilation, main instrument panel ventilation ducts - ducts 210 0 107
and supporting structure
10277772A | Interior trim, Headliner trim finish panel assembly - covering 1.8 2 0.09
10277772B | Interior trim, Headliner trim finish panel assembly - interior foam 2.3 4 0.03
10277772C E;Leilréc\)l\rl)trlm, Headliner trim_ finish panel assembly - structural backing 820 3 0.16
10278015A | Body Front End, Hood insulator - black fibrous structure 3.2 17 0.06
10278015B | Body Front End, Hood insulator - insulating fibers 74.8 15 0.08
10278989A Body Re_ar End,_Rear compartment lift window closeout panel assembly talc 16 11 0.27
—carpet like coating

102789898 i?r%)(/:tsfear End, Rear compartment lift window closeout panel assembly 48 5 114
10282257A | Instrument Panel and Gages, Dash sound barrier - black plastic 31.3 0 1.20
1082257B Instrument Panel and Gages, Dash sound barrier - insulating foam 1.7 0 0.05
10284967 Body Front End, Front Fender - structure 21.5 5 1.20
10296526 Body Front End, Front wheelhouse panel liner (left) - structure 0.1 1 0.88
16215781A | Instrument Panel and Gages, Instrument cluster-black housing 0.1 2 1.43
16215781 B | Instrument Panel and Gages, Instrument cluster - white housing 9.6 11 1.36
16215781C | Instrument Panel and Gages, Instrument cluster - clear housing 0.1 0 1.11
16514312 Bumpers, Rear bumper fascia energy absorber - structure 0.4 0 0.99
16524838 Bumpers, Headlamp support panel -structure 46.5 0 1.11
16633455 Interior Trim, Quarter inner trim finishing panel 0.8 14 0.95
16795366 Seats, Rear seatback cushion - formed foam 0.5 4 0.05
16795385A | Seats, Rear seatback back cover - foam 10.6 0 1.23
16795385B | Seats, Rear seatback back cover 2.6 9 1.17
16795385C | Seats, Rear seatback back cover 1.4 0 0.02

Table A-1-5 continued on the next page
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Table A-1-5 continued from the previous page

Inorganic Filler | Organic .
L. . Density
Part Description Type % Residue @ /Cmg)
(%)
22098787 Radiator and Engine Cooling, Engine coolant fan :c?tl)glrgslass 355 3 1.44
26024352 Fluid reservoirs, Power steering fluid reservoir kaolin 33.0 5 1.40
52458712 Heating and Ventilation, case heater cover (RR) - structure 38.1 0 1.20
52458713 Heating and Ventilation, case air distributor front 38.3 0 1.20
52458898 Heating and Ventilation, case, shroud (temp valve) 37.9 0 1.17
52458938 Heating and Ventilation, heater front case seal kaolin 38.4 1 0.18
52458941 Heating and Ventilation, heater core shroud seal kaolin 34.7 1 0.21
52458960 Heating and Ventilation, case heater (RR) 39.6 1 1.23
52458961A | Heating and Ventilation, heater core tube seal - Dark foam kaolin 46.2 7 0.09
52458961B | Heating and Ventilation, heater core tube seal - Light colored foam kaolin 38.9 3 0.05
52458065 gfj(tzltnge and Ventilation, A/C evaporator and upper blower case - talc 38.1 0 199
52458972 Heating and Ventilation, A/C evaporator seal kaolin 36.9 3 0.11
52458976 Heating and Ventilation, case aux a/c evaporator and blower lower kaolin 43.3 1 1.71
52461468A |(_\I/\(/ar?|ttlg)g and Ventilation, Case, mode with valve inlet and outlet - door silica 382 1 148
594614688 Heatl_ng and Ventilation, Case, mode with valve inlet and outlet - 0.7 1 107
Housing (black)

52461468C | Heating and Ventilation, Case, mode with valve inlet and outlet - seal gzlr(k:)gjr?;te 20.9 1 1.20
52461468D | Heating and Ventilation, Case, mode with valve inlet and outlet - seal 0.3 1 0.86
52464968 Heating and Ventilation, seal, air distributor case 0.7 1 0.04
52465340 Fluid reservoirs, Radiator outlet tank, structure 25.3 2 1.18
52472378 Heating and Ventilation, valve mode-seal 19.7 2 0.03
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Table A-1-6. Base Plastics and Additives in a 1997 Ford Explorer Parts [6]

No. Part Description Base Plastic and Additive
1 Front bumper fascia Polypropylene
2 Front bumper valance panel Polypropylene
3 | Radiator grille - A Acrylonitrile-butadiene-styrene copolymer
4 Radiator grille - B Polypropylene
5 Radiator- upper sight shield Polypropylene
6 | Radiator-fan shroud Polystyrene
7 Radiator - air deflector Propylene-ethylene copolymer
9 | Radiator-coolant recovery reservoir | Polypropylene
10 | Radiator-fan blades Polypropylene
11 | Windshield washer fluid reservoir Polyethylene
12 | Windshield inner-layer Polyvinyl butyral
13 | Rocker panel trim molding Propylene-ethylene copolymer
14 | Front door rocker step pad Propylene-ethylene copolymer
15 | Rear bumper stone deflector Propylene-ethylene copolymer
16 | Lift gate scuff plate Propylene-ethylene copolymer
17 | Rear lamp assembly - lens Polymethylmethacrylate
18 | Battery cover Propylene-ethylene copolymer
19 | Engine compartment wire conduit Nylon6-polyethylene
20 | Power distribution box-cover Polybutyleneterphthalate
21 | Power distribution box-housing Phenol-formaldehyde copolymer
22 | Engine air cleaner housing Propylene-ethylene copolymer
23 | Instrument panel-cover PVC, phthalate esters
24 | Instrument panel-foam padding Polyurethane
25 | HVAC module Polypropylene
26 | HVAC-vents Propylene-ethylene copolymer
Polypropylene or polypropylene-
27 | HVAC-ducts polillsthy%ne POTYPropy
28 | Roof trim panel-cover Nylon 6
29 | Roof trim panel-foam Polyurethane
30 | Roof trim panel-substrate Glass fiber with phenolic binder
31 | Front seat cushion-sew pad Urethane-styrene-acrylonitrile, phenolics
32 | Front seat cushion-pad Urethane-styrene-acrylonitrile, phenolics
33 Front seat cushion-cover seating | Polyethyleneterphthalate, triphenyl

area

phosphate

Table A-1-6 continued on the next page
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Table A-1-6 continued from the previous page

No. Part Description Base Plastic and Additive

34 | Front seat back-cover seating area Polyethyleneterphthalate, triphenyl
phosphate

35 | Front seat back-sew pad Urethane-styrene-acrylonitrile, phenolics

36 | Front seat back-pad Urethane-styrene-acrylonitrile, phenolics

37 | Front seat back-cover rear surface Polyvinylchloride, diisononyl phthalate

38 | Front seat back-cover rear backing | Polyethyleneterphthalate

39 | Front seat back-cover rear-pad Urethane-styrene-acrylonitrile, phenolics

40 | Front seat-track trim cover Propylene-ethylene copolymer

41 | Seat belt Polyethyleneterphthalate

42 | Floor carpet-pile Propylene-ethylene copolymer

43 | Floor carpet-weave Propylene-ethylene copolymer

44 | Floor carpet-backing Polyethylene

45 | Floor panel drain hole plug Ethylene-propylene-butadiene copolymer

46 | Floor console Acrylonitrile-butadiene-styrene copolymer

47 | Floor console-internal support Polystyrene

48 | Floor console-distribution duct Propylene-ethylene copolymer

49 | Floor console-blower housing Polypropylene

50 | Floor console-vent duct Polypropylene

51 | Floor console-rear bezel Poly (bisphenol A carbonate)

52 | Rear door trim panel-A Polyvinylchloride, phthalate esters

53 | Rear door trim panel-B Polyvinylchloride, phthalate esters

54 | Rear door trim panel-C Acrylonitrile-butadiene-styrene copolymer

55 | Rear door trim panel-D Polypropylene

56 | Rear door trim panel-E Poly(bisphenol A carbonate)

57 | Rear door trim panel-F Polyvinylchloride, phthalate esters

58 | Rear washer fluid reservoir Polyethylene

59 | Quarter inner trim finishing panel Propylene-ethylene copolymer
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Plastics in a 1996 Dodge Caravan and a 1997 Chevrolet Camaro Engine

Compartment Parts [8]

Vehicle and

Model Part Description Plastic

5235267AB Battery Cover PP
4861057 Resonator Structure PP
5303058 Resonator Intake Tube EPDM Rubber
4678345 Air Ducts PE or PP

1996 Dodge | 4683264 Brake Fluid Reservoir PP

Caravan 4860446 Kick F_’anel Insulation PVC
4857041A Headlight Clear Lens PC
4857041A Headlight Casing (Black) POM
4716345B Fender Sound Reduction foam PS
4716832B Hood Liner Face PET
4716051 Windshield Wiper Structure Fiberglass/Polyester/styrene
10296526 Front Wheel Well Liner PP,PE
10297291 Air Inlet PP,PE
Chevrolet 10278015 Hood Insulator Nylon 6/phenolic binder
Camaro 52465337 Radiator Inlet/Outlet Tank Nylon 6,6
1997 22098787 Engine Cooling Fan Nylon6

26019594 Power Steering Fluid Reservoir Nylon 6,6
10310333 Windshield Laminate
52458965 Blower Motor Housing PP
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Table A-2-1. Melting Point, Glass Transition Temperature and Heat of Fusion of a 1996

FM Global
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Dodge Caravan Plastic Parts [1]

Part Plastic Tm (°C) Tyiass (°C) AHusion (3/9)
GJ42SK4A | PET 76; 99; 254 -5.6 0.89; 5.32; 2.59
GJ42SK4B | PU Amorphous
GJ42SK4C | PU Amorphous -11.9
GJ42SK4D | Nylon 6 221 41.5 57
GJ42SKAE | PET Amorphous
JFA8SKA PU Amorphous -2.3
JFA8SK5B PVC Amorphous
JFA48SKC PC Amorphous -9.1
PL98SX8A | PC Amorphous 140.1
PL98SX8B | PU Amorphous
3009 EPDM Amorphous
4364944A PE/PP blend 128; 167 -15.0 19; 64
4364944B PE/PP blend 129; 166 -15.7 19; 64
4612512A PP 164 66
4612512B EPDM Amorphous
4612512C EPDM Amorphous
4674711A PU Amorphous
4674711B PVC Amorphous
4675359A EPDM Amorphous
4675359B EPDM Amorphous
4678345A PE 128 149
4678345B PP 166 63
4680250A Natural rubber Amorphous
4680250B Fibers 155 19
4680250C Polyester Amorphous -5.0
4683264A PP 164 70
4683264B PP 165 -13.7 76
4707580 PE 128 166
4707808A 82 15
4707808B 254 39
4707743C ABS Amorphous -11.1
4716051 SMC Amorphous
4716345A PS Amorphous
4716345B PS Amorphous
4716832A PET/Cell/Epoxy 250 5
4716832B PET 245 7
4716895 PP 166 60
4716896A Mixed fibers 232 5
4716896B PVC Amorphous

Table A-2-1 continued on the next page
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Table A-2-1 continued from the previous page

Part Plastic Tm (°C) Tgass (°C) AHsysion (3/9)
4716896C PVC-Hydrocarbon 174
4734033 PVC Amorphous
4734039A Nylon 66 259 39
4734039B TPO 157 31
4734041A Nylon 66 257 82.0 31
4734041B TPO 154 15
4734042A TPR 259 82.4 35
4734042B TPR 154 18
4734063 PP 124; 162 52.6 0.59; 49
4734067A ABS/PVC Amorphous
4734067B EVA Amorphous 39.0
4734071 PP Amorphous
4734072 PP Amorphous
4734073 PP Amorphous
4734074 PP 165 57
4734080 PP Amorphous
4734081 PP Amorphous
4734225 PP 164 2.0 59
4734367 PP 163 50
4734370 ABS /PVC Amorphous
4734724 TPO Amorphous
4883140A PE 128 161
4883140B Nylon 12 171 49
4883140C PE Amorphous
4857041A PC Amorphous
4857041B PC Amorphous 144.0
4857041C POM 174 161
4857041D Polyimide Amorphous 207.0
4857041E PC Amorphous 144.0
5235267 PP 164 -7.0 54
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Table A-2-2. Melting Point, Glass Transition Temperature and Heat of Fusion of a 1997
Chevrolet Camaro Plastic Parts [4]

Part Plastic Tm (°C) Tgiass °C | AHsusion (3/0)
10138735 |PE 124 -53 125
10153750 |PP 161 90
10208798 |Hydrocarbon Amorphous 13
10231299 |PU Amorphous 117
10243962  |PP/PE copolymer 122, 145 21, 58
10246204A -50
10246204B |PP/PE copolymer 119, 156 24 20,71
10269100A |PS Amorphous 123
10269100B 108
10269100C |ABS Amorphous 78
10269102A |PC 108 147
10269102B 42
10269102C 109 158
10277446A |PP 124,161 7,91
10277446B -30
10277466 112, 155 66 6,73
10277772A |Nylon 6 220 38 122
10277772B |PU Amorphous 129
10277772C |Phenolic Amorphous 20
10278015A 206 5 8
10278015B
10278989A |Nylon 6 220 60
10278989B |PP 160 24
10282257A |PE 107 69 87
10282257B |PU Amorphous
10284967 273, 288 80 48, 71
10296526  |PP/PE copolymer 164 123 133
16215781A |ABS Amorphous 107
16215781B |PS/phenolic Amorphous 106
16215781C |SA Amorphous 111
16514312 |PE 47,99 22,107
16524838 |PP/PE Copolymer 118, 162 6, 64
16633455 |PP/PE copolymer 124,161 13, 94
16795366 110
16795385A |PP 159 0 60
16795385B |PET 108
16795385C |PET

Table A-2-2 continued on the next page
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Table A-2-2 continued from the previous page

Part Plastic Tm (°C) Tglass °C AHusion (J/9)
22098787  |Nylon 6/6 219 30 73
26024352  |Nylon 6/6 261 35 83
52458712 159 86
52458713 |PP 162 74
52458898 |PP 160 71
52458938 |PU Amorphous 14, 46
52458941 |PU Amorphous 40
52458960 |PU 164 13 86
52458961A |PU Amorphous 2,42
52458961B |PU 97 14
52458965 |PU 159 66
52458972 |PU Amorphous 31
52458976 |PU Amorphous 76, 130
52461468A |Nylon 258 50
52461468B 162 102
52461468C |Hydrocarbon 114, 149 -22 1,14
52461468D |[EPDM & PS 119, 151 -22 12, 20
52464968 65
52465340 |Nylon 6/6 261 102 118
52472378 |PU Amorphous 4
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Table A-2-3. Melting Point, Glass Transition Temperature and Heats of Fusion and Reaction of a 1996 Dodge Caravan and a
1997 Chevrolet Camaro Plastic Parts [8]

Endothermic 1 | Endothermic 2 Exothermic
Part Description Plastic Tm AHtysion | Tm | AHfusion | Exotherm | AHyeaction
{9) (J/9) (S | g {9) (J/9)
1996 Dodge Caravan
5235267AB Battery Cover PP 128 236
4861057 Resonator Structure PP 167 88
5303058 Resonator Intake Tube EPDM Rubber 161 61 68 2.74
4683264 Brake Fluid Reservoir PP 168 138
4857041A Headlight Clear Lens PC 143
4857041A Headlight Casing (Black) | POM 143
4716051 Windshield Wiper Fiberglass/Polyester/styrene | 77 61 50 12
Structure

1997 Chevrolet Camaro
10296526 Front Wheel Well Liner PP,PE 168 88 240 7
10297291 Air Inlet PP,PE 113 11 168 65 234 7
52465337 Raciator - InletOUet | \yion 6,6 265 59
22098787 Engine Cooling Fan Nylon6 60 1.28 221 54
26019594 Power  Steering  Fluid | \ 1o 6 265 56

Reservoir

52458965 Blower Motor Housing PP 167 101 249
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Table A-2-4. Melting Point, Glass Transition Temperature and Heat of Fusion of Possible
Replacements Plastics for Vehicle Parts [3]

Plastic T (°C) TyasCC) | O or
(J/9)
Polypropylene, pro-fax SB 786 122;160;164 -3 36; 92
Polypropylene, pro-fax 8523 118;166 2 8; 68
Polypropylene, 151 (FR) 128;160 (-8,72) 14; 58
Polypropylene, 156 FR 124,166 (-4,74) 7; 50
Nylon 66, Ultramid A3K 262 64 113
Nylon 66, Ultramid A3X2G5 (FR) 262 52 86
Nylon 66, 200H (FR) 260 46 73
Nylon 66, 299X 260 58 79
Nylon 6, standard 219 59 129
Nylon 6, nano-composite 216 (-1,56) 103
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Table A-2-5. Vaporization or Decomposition Temperature (Tyor ) and Rates for
a 1996 Dodge Caravan Plastic Parts [1]

Nitrogen Air
Part Plastic Initial Major Secondary Initial Major Secondary
Tvora | Rate | Tyorg| Rate |Tyora| Rate |[Tyorq| Rate | Tyvora | Rate | Tyvorg | Rate
(°C) [(%I°C)| (°C) | (%/°C) | (°C) | (%/°C)| (°C) |(%/°C)| (°C) |(%/°C) | (°C) | (%/°C)

GJ42SK4A  |PET 298 | 0.02 | 442 | 0.78 | 329 | 0.34 305 0.40 337 0.33
GJ42SK4B  |PU 286 | 150 | 382 | 0.71 279 2.06 505 1.55
GJ42SK4AC  |PU 267 | 128 | 344 | 437 | 447 | 091 | 264 | 0.86 | 363 1.11 442 0.33
GJ42SK4D  |Nylon 6 276 | 022 | 401 | 255 | 358 | 0.87 | 276 | 0.20 | 380 1.26 358 1.06
GJ42SK4E  |PET 248 4.36 510 0.72
JF48SK5A  |PU 250 | 0.25 | 346 | 099 | 286 | 0.45 269 3.83 430 0.56
JF48SK5B PVC 269 2.47 284 1.96 397 3.07 531 1.21
JF48SK5C  |PC 413 | 10.07 | 447 | 0.76
PL98SX8A |PC 399 | 0.48 | 440 | 5.70 404 | 0.38 | 454 7.28 548 1.90
PL98SX8B |PU 267 | 0.23 | 344 | 2.44 252 2.62 291 0.44
3009 EPDM 375 | 0.20 | 435 | 150 | 334 | 0.32 | 565 4.96 435 1.29
4364944A PE/PP 411 | 13.38 284 11.20
4364944B PE/PP 409 | 10.40 305 5.20 433 0.23
4612512A  |PP 429 | 10.26 296 2.13 325 1.68
4612512B EPDM 404 | 0.29 | 450 | 1.50 317 | 0.21 | 447 1.89 543 3.94
4612512C EPDM 399 0.24 | 452 151 349 | 0.29 572 3.73 452 1.50
4674711A  |PU 224 | 0.27 | 269 | 148 | 293 | 1.40 262 4.06
4674711B PVC 255 | 252 | 461 | 0.01 257 2.83 363 0.33
4675359A |EPDM 305 | 0.33 | 438 | 2.70 276 1.50 416 0.27
4675359B EPDM 310 | 0.20 | 454 | 200 | 721 | 0.25 334 0.62 416 0.27
4678345A  |PE 438 | 8.80 293 | 0.40 | 404 11 375 2.05
4678345B PP 430 | 13.80 303 | 0.66 | 341 2.22 375 2.05

Table A-2-5 continued on the next page
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Table A-2-5 continuing from the previous page

Nitrogen Air
Part Plastic Initial Major Secondary Initial Major Secondary
Tvora | Rate | Tyora| Rate |Tyorq| Rate | Tyorg| Rate | Tyvorgd | Rate | Tyord Rate
(°C) [(%/°C)| (°C) | (%/°C) | (°C) | (%/°C) | (°C) |(%/°C)| (°C) [(%/°C) | (°C) | (%/°C)

4680250A  |Rubber 368 | 056 | 428 | 144 267 | 0.15 | 418 1.24 495 1.61
4680250B Fibers 332 | 157 | 406 | 0.39 305 1.77 397 0.59
4680250C Polyester 296 | 032 | 416 | 525 | 704 | 061 | 276 | 0.54 | 339 1.98 406 0.12
4683264A  |PP 413 | 14.90 308 | 16.79
4683264B PP 416 | 15.10 293 | 12.30
4707580 PE 442 | 12.70 267 | 0.98 | 356 3.06 406 1.25
4707808A 291 | 0.70 | 363 | 2.82 310 | 0.30 | 445 2.59
4707808B 382 | 9.08 | 462 | 0.45 399 | 11.20
4707743C ABS 365 | 8.17 373 9.03
4716051 SMC 382 | 049 | 382 | 049 | 700 | 0.86 341 0.48 723 0.17
4716345A  |PS 233 | 025 | 394 | 049 | 425 | 045 | 233 | 0.21 | 339 0.54 266 0.21
4716345B PS 281 | 0.17 | 401 | 049 | 502 | 0.06 | 257 | 0.17 | 432 0.21 288 0.21
4716832A  |PET etc 60 004 | 322 | 130 | 397 | 0.19 300 2.28 397 0.78
4716832B PET 67 003 | 325 | 133 | 397 | 0.20 | 310 | 253 | 394 5.54 370 0.63
4716895 PP 429 | 15.12 310 1.82 368 1.04
4716896A  |Fibers 55 0.06 | 288 | 097 | 380 | 0.53 48 10.07 288 1.09 339 0.41
4716896B PVC 274 | 115 | 459 | 0.08 261 0.82 391 0.26
4716896C PVC-Hydro| 267 | 1.01 | 726 | 1.34 | 565 | 0.05 267 0.30 387 0.35
4734025 293 | 063 | 308 | 164 | 358 | 0.83 | 267 | 1.23 | 293 2.98 365 0.65
4734033 PVC 437 | 6.95 267 2.91 440 0.20
4734039A Nylon 66 418 4.70 447 0.40 421 5.89 514 0.53
4734039B TPO 291 | 0.40 | 433 | 5.60 284 | 0.81 | 396 0.70 391 0.70
4734041A Nylon 66 428 | 3.60 | 457 | 0.30 428 3.29 526 0.34
4734041B TPO 308 | 0.50 | 440 | 3.80 284 0.78 406 4.74
4734042A 428 | 3.30 425 2.75 500 0.46

Table A-2-5 continued on the next page
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Table A-2-5 continued from the previous page

Nitrogen Air
Part Plastic Initial Major Secondary Initial Major Secondary
Tvora | Rate | Tyora| Rate |[Tyora| Rate |Tyora| Rate | Tyora | Rate | Tyorqg | Rate
(°C) [(%I°C)| (°C) | (%/°C) | (°C) [ (%/°C) | (°C) |(%/°C)| (°C) |(%/°C) | (°C) | (%/°C)
4734042B 303 | 050 | 440 | 4.30 284 0.59 406 4.16
4734063 PP 437 | 6.95 288 | 0.74 | 325 3.98
4734067A  |ABS/PVC 233 | 050 | 245 | 1.40 240 1.19 435 0.30
4734067B 361 | 010 | 462 | 110 | 776 | 0.10 | 361 | 0.20 | 466 0.65 433 0.16
4734074 PP 373 | 2.00 | 401 | 0.90 298 0.71 334 3.14
4734225 PP 428 | 5.10 274 1.05 298 572
4734367 PP 447 7.5 288 | 0.70 | 339 3.29
4734370 ABS /PVC 226 | 0.47 | 248 1.3 228 | 055 | 238 1.43 430 0.30
4734396 226 | 047 | 428 | 0.44
4734724 TPO 349 | 0.32 | 430 | 4.69 286 | 0.57 | 334 0.56 372 1.25
4883140A |PE 440 | 16.79 291 | 1.09 | 387 5.88 438 4.31
4883140B Nylon 12 214 | 0.20 | 416 | 10.47 224 | 0.11 | 418 8.99 382 0.38
4883140C PE 394 | 0.40 | 430 | 3.98 291 | 158 | 382 4.90 418 2.08
4857041A |PC 445 | 3.60 411 7.49 514 1.24
4857041B PC 476 | 7.47 450 4.59 517 1.04
4857041C POM 310 | 3.26 252 | 17.02
4857041D Polyimide 522 | 2.52 517 |2.52 558 7.67
4857041E PC 454 | 474 413 7.10 522 1.21
5235267 PP 423 | 16.79 346 2.03 384 1.16
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Table A-2-6. Vaporization or Decomposition Temperatures (T, org¢) and Rates
for a 1997 Chevrolet Camaro Plastic Parts [4]

Nitrogen Air

Part Plastic Initial Major Secondary Initial Major Secondary
Tvora | Rate | Tyora | Rate | Tyorqa | Rate | Tyorg | Rate | Tyvorg | Rate | Tyora | Rate
(°C) |[(%/°C)| (°C) |(%/°C)| (°C) |(%/°C)| (°C) |(%/°C)| (°C) |(%/°C)| (°C) |(%/°C)
10138735 |PE 403 | 2.73 | 403 | 273 | 425 | 142 | 280 | 056 | 407 | 249 | 443 | 1.09
10153750 |PP 354 | 256 | 354 | 256 | 378 | 1.32 | 284 | 048 | 347 | 230 | 691 | 0.04
10208798 |Hydrocarbon | 295 | 0.31 | 459 | 1.76 291 | 0.30 | 564 | 432 | 602 | 0.30
10231299 |PU 266 | 0.28 | 363 | 212 | 309 | 0.32 | 240 | 0.04 | 311 | 0.66 | 528 | 0.04
10243962 |PP/PE 374 | 163 | 374 | 163 | 385 | 153 | 300 | 1.26 | 300 | 1.26 | 523 | 0.19
10246204A 266 | 0.70 | 351 | 5.86 265 | 262 | 265 | 262 | 299 | 0.99
10246204B |PP/PE 389 | 3.82 | 389 | 382 | 443 | 0.21 | 352 | 532 | 352 | 532 | 369 | 1.22
10269100A |PS 371 | 1058 | 371 | 10.58 351 | 808 | 351 | 8.08 | 544 | 0.12
102691008 338 | 097 | 365 | 202 | 485 | 0.09 | 273 | 3.87 | 273 | 3.87 | 519 | 0.57
10269100C |ABS 269 | 416 | 269 | 416 | 432 | 0.86 | 376 | 0.32 | 376 | 0.32 | 608 | 0.26
10269102A |PC 465 | 586 | 465 | 5.86 271 | 011 | 356 | 2.23 | 432 | 1.32
10269102B 271 | 1.01 | 333 | 2.39 253 | 372 | 253 | 3.72 | 275 | 0.84
10269102C 287 | 0.04 | 434 | 9.77 276 | 0.24 | 379 | 545 | 432 | 1.14
10277446A |PP 403 | 190 | 403 | 190 | 548 | 0.04 | 342 | 3.67 | 342 | 3.67 | 582 | 0.08

10277446B 262 | 0.81 | 329 | 1.97 266 | 150 | 313 | 2.67
10277466 369 | 0.18 | 416 | 294 | 557 | 0.04 | 369 | 0.18 | 416 | 294 | 557 | 0.04
10277772A |Nylon 6 284 | 0.08 | 401 | 526 | 358 | 040 | 405 | 1.81 | 494 | 194 | 396 | 1.82
10277772B |PU 264 | 148 | 264 | 148 | 333 | 113 | 253 | 3.26 | 253 | 3.26 | 530 | 0.15
10277772C |Phenolic 70 001 | 322 | 0.03 | 591 | 0.03 | 260 | 0.02 | 470 | 0.15 | 320 | 0.04
10278015A 320 | 0.70 | 369 | 150 | 445 | 0.14 | 302 | 1.27 | 302 | 1.27 | 488 | 0.46

10278015B 345 | 0.02 | 492 | 0.04 | 611 | 0.03 | 488 | 0.15 | 526 | 0.36
10278989A |Nylon 6 331 | 0.21 | 389 | 244 | 687 | 0.15 | 385 | 150 | 405 | 3.43 | 483 | 0.81
10278989B |PP 325 | 0.29 | 434 | 3.07 | 349 | 0.74 | 313 | 511 | 313 | 511 | 463 | 0.23

10282257A |PE 436 | 655 | 436 | 655 | 781 | 0.11 | 385 | 1.36 | 445 | 3.50

Table A-2-6 continued on the next page

A32




Report # 0003018009-3, Volume 111

FM Global

Table A-2-6 continued from the previous page

Nitrogen Air
Part Plastic Initial Major Secondary Initial Major Secondary
Tvora | Rate | Tyora | Rate | Tyorq | Rate | Tyorg | Rate | Tyora | Rate | Tyorg | Rate
(°C) |(%/°C)| (°C) |(%/°C)| (°C) |(%/°C)| (°C) |(%/°C)| (°C) |(%/°C)| (°C) |(%/°C)
10282257B |PU 202 | 0.16 | 266 | 1.21 | 336 | 0.81 | 204 | 0.18 | 255 | 4.05 | 302 | 0.67
10284967 289 | 052 | 342 | 079 | 367 | 0.71 | 271 | 053 | 316 | 2.70 | 526 | 0.37
10296526 |PP/PE 434 | 15.77 | 434 | 15.77 282 8.19 282 8.19
16215781A |ABS 401 |10.35| 401 |10.35| 430 | 051 | 374 | 521 | 374 | 521 | 532 | 1.09
16215781B [PS/phenolic 407 | 9.92 | 407 | 992 | 477 | 0.20 | 398 | 3.60 | 485 | 3.53
16215781C |SA 345 | 543 | 345 | 543 | 414 | 0.13 | 300 |14.85| 300 | 1485 | 349 | 0.27
16514312 |PE 360 | 0.23 | 405 | 558 | 421 | 1.99 | 356 | 0.36 | 427 | 3.14 | 494 | 0.28
16524838 |PP/PE 369 | 3.69 | 369 | 3.69 336 | 163 | 336 | 1.63 | 490 | 0.02
16633455 |PP/PE 416 | 2.65 | 416 | 2.65 331 | 227 | 331 | 227 | 354 | 2.04
16795366 255 | 0.60 | 342 | 2.63 262 | 3.35 | 262 | 3.35 | 544 | 0.35
16795385A |PP 365 | 291 | 365 | 391 | 709 | 013 | 284 | 3.03 | 284 | 3.03 | 687 | 0.18
16795385B [PET 342 | 215 | 342 | 215 | 398 | 1.23 | 345 | 220 | 345 | 220 | 526 | 0.66
16795385C |[PET 271 | 090 | 325 | 193 | 271 | 0.90 | 253 | 3.61 | 253 | 3.61 | 273 | 1.04
22098787 |Nylon 6/6 423 | 440 | 423 | 4.40 430 | 3.90 | 430 | 3.90 | 479 | 0.42
26024352 |Nylon 6/6 421 | 3.20 | 421 | 3.20 425 | 2.64 | 425 | 2.64 | 535 | 0.15
52458712 447 |10.23 | 447 | 10.23 298 | 0.25 | 351 | 3.17
52458713 |PP 378 | 1.36 | 412 | 1.56 295 | 042 | 345 | 2.66
52458898 |PP 376 | 1.70 | 376 | 1.70 | 405 | 1.68 | 291 | 051 | 345 | 2.79
52458938 |PU 264 | 011 | 702 | 048 | 452 | 0.30 | 255 | 0.14 | 503 | 0.39 | 684 | 0.29
52458941 |PU 266 | 0.12 | 447 | 057 | 691 | 0.22 | 251 | 0.12 | 459 | 0.42 | 709 | 0.27
52458960 |PU 436 | 7.35 | 436 | 7.35 35 | 1.36 | 375 | 3.20
52458961A |PU 262 | 014 | 325 | 043 | 613 | 0.04 | 269 | 0.18 | 483 | 156 | 615 | 0.07
52458961B |PU 251 | 0.13 | 459 | 121 | 291 | 0.16 | 273 | 045 | 452 | 044 | 501 | 0.32
52458965 |PU 396 | 140 | 432 | 2.74 295 | 047 | 347 | 295 | 333 | 1.10
52458972 |PU 291 | 0.14 | 434 | 055 | 698 | 0.26 | 246 | 0.15 | 447 | 041 | 696 | 0.35
52458976 |PU 347 | 1.00 | 347 | 1.00 | 501 | 0.14 | 340 | 0.62 | 483 | 0.63 | 709 | 0.04
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Table A-2-6 continued from the previous page

Nitrogen Air

Part Plastic Initial Major Secondary Initial Major Secondary
Tvord | Rate | Tyorqg | Rate | Tyora | Rate | Tyora | Rate | Tyorg | Rate | Tyorq | Rate
(°C) |(%/°C)| (°C) |[(%/°C)| (°C) |[(%/°C)| (°C) |(%/°C)| (°C) |(%/°C)| (°C) |(%/°C)
52461468A [Nylon 418 | 3.12 | 418 | 3.12 430 | 407 | 430 | 407 | 517 | 0.33
52461468B 445 | 13.07 | 445 | 13.07 293 | 068 | 342 | 2.81 | 335 | 1.86
52461468C |Hydrocarbon 041 | 432 | 295 | 705 | 0.68 | 313 | 0.37 | 351 | 1.05 | 711 | 0.86
52461468D |[EPDM/PS 318 | 054 | 416 | 2.10 282 | 164 | 282 | 1.64 | 459 | 0.83

52464968 253 | 0.74 | 356 | 145 | 311 | 0.63 | 251 | 0.81 | 289 | 341
52465340 |Nylon 6/6 407 | 7.35 | 407 | 735 | 452 | 0.29 | 430 | 558 | 430 | 558 | 463 | 0.32
52472378 |PU 269 | 0.87 | 340 | 3.01 271 | 124 | 271 | 1.24 | 548 | 0.08
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Table A-2-7. Vaporization or Decomposition Temperature (Tyorq) and Rates in Nitrogen for Replacement Plastics
for Vehicle Parts [3]

] Initial Weight loss Major weight loss Secondary weight loss
Plastic Tvora | Wtloss | Rate Tvora |Wtloss | Rate | Tyora | Wtloss | Rate | Residue%
°C % %/°C °C % %/°C °C % %/°C
Polypropylene
Profax SB 786 426 99.92 9.98 426 99.92 9.98 0.07
Profax 8523 429 99.91 13.13 429 99.91 | 13.13 0.06
151 (FR) 238 8.83 0.35 434 78.61 4.84 7.61
156 (FR) 328 54.69 5.49 328 54.69 5.49 398 24.81 0.58 3.76
Nylon 66
Ultramid A3K 409 16.90 0.95 427 58.06 3.69 585 18.03 0.18 6.69
Ultramid A3X2G5 (FR) 383 44.60 1.10 383 44.60 1.10 450 25.44 0.58 33.65
66, 200H (FR) 374 63.25 10.16 374 63.25 | 10.16 468 20.16 0.94 4.79
66, 299X 338 15.27 0.86 413 71.64 1.47 585 12.46 0.16 0.42
Nylon 6
Standard 417 98.70 6.41 417 98.70 6.41 0.53
With nano composite 398 20.05 1.71 419 70.80 3.69 6.25
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Table A-2-8. Vaporization or Decomposition Temperature (Tyorq) and Rates in Air for Replacement Plastics
for Vehicle Parts [3]

) Initial Weight loss Major weight loss Secondary weight loss
Plastic Tvora | Wtloss | Rate TJTq |wtloss| Rate | T,/ Tq| wtloss | Rate | Residue%
°C % %/°C °C % %/°C °C % %/°C
Polypropylene
Profax SB 786 309 84.85 6.56 309 84.85 6.56 0.00
Profax 8523 312 89.72 11.41 312 89.72 | 1141 429 5.83 0.21 0.26
151 (FR) 242 5.60 0.31 335 18.64 0.92 347 13.83 0.97 2.21
156 (FR) 328 42.42 3.65 328 42.42 3.65 517 10.61 0.19 2.89
Nylon 66
Ultramid A3K 403 15.54 0.75 424 58.93 4.61 526 19.68 0.40 0.00
Ultramid A3X2GS5 (FR) 370 2.77 0.16 417 30.11 1.53 461 9.98 0.28 31.18
66, 200H (FR) 368 52.90 8.80 368 52.90 8.80 534 | 24.62 1.98 0.28
66, 299X 327 13.65 0.78 431 40.91 2.26 421 | 21.35 2.49 0.24
Nylon 6
Standard 403 29.01 3.07 415 53.28 2.35 578 12.19 0.14 0.10
With nano composite 411 90.66 4.88 411 90.66 4.88 3.58
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Table A-2-9. Density, Thermal Conductivity, and Heat Capacity of a 1996 Dodge Caravan Plastic Parts [1]

P k Heat Capacity (J/g-K
Part Plastic g/em’ | Wim-°C pacty D0
Temperature (°C)

20 20 -50 -40 -20 0 20 40 60 80 100 200

GJ425K4A PET 0.69 0.04 0.863 | 0.866 | 0932 |1.024 | 1.101 | 1.194 | 1271 | 1511 | 2.287 | 1.558
GJ425K4B PU 0.10 1131 | 1.151 | 1216 | 1.307 | 1.396 | 1.492 | 1.597 | 1.711 | 1.846 | 2.242
GJ425K4C PU 0.06 1.194 | 1500 | 1583 | 1638 | 1.696 | 1.748 | 1.810 | 1.870 | 2.166 | 2.162
GJ42SK4D | Nylon6 | 1.20 0.11 0923 | 0951 | 10711149 | 1222 | 1306 | 1.392 | 1474 | 1578 | 2192
JF48SK5A PU 0.11 0.04 0963 | 0986 | 1040 | 1.117 | 1.182 | 1.252 | 1.314 | 1383 | 1471 | 1.768
JF48SK5B PVC 1.20 0.14 0.829 | 0836 | 0877 | 0933 | 0976 | 1.022 | 1.068 | 1.119 | 1.182 | 1.374
JF48SK5C PC 1.12 0.18 0.772 | 0.776 | 0827 | 0.890 | 0953 | 1.018 | 1.082 | 1.144 | 1.217 | 1.679
PL98SX8A PC 1.18 0.27 0.806 | 0.814 | 0.871 | 0934 | 0999 | 1.074 | 1.142 | 1194 | 1.247 | 1.510
PL98SX8B PU 0.09 0.06 0973 | 1066 | 1113 |1.156 | 1.197 | 1235 | 1272 | 1312 | 1.349 | 1.556
3009 EPDM 1.21 0.45 0.799 | 0.886 | 1.005 | 1.077 | 1.109 | 1.159 | 1.147 | 1.198 | 1.250 | 1.484
4364944A PE/PP 0.91 0.17 0.950 | 0963 | 1.040 | 1.142 | 1.245 | 1346 | 1461 | 1581 | 1.759 | 1.983
4364944B PE/PP 0.88 0.21 1.005 | 1.019 | 1.100 | 1.202 | 1.308 | 1.425 | 1.6552 | 1.712 | 1.913 | 2.147
4612512A PP 1.06 0.23 0.930 | 0958 | 1.026 | 1.130 | 1.233 | 1.347 | 1462 | 1577 | 1.744 | 2.082
4612512B EPDM | 1.15 0.30 1153 | 1229 | 1327 | 1353 | 1382 | 1402 | 1.449 | 1.497 [ 1541 | 1.745
4612512C EPDM | 1.16 0.36 0.753 | 0.821 | 0.927 | 0988 | 1.026 | 1.030 | 1.075 | 1.124 | 1.173 | 1.394
4674711A PU 0.02 0.02 1.062 | 1.131 |1.189 | 1244 | 1292 | 1.341 | 1.383 | 1426 | 1.471 | 1.653
4674711B PVC 1.95 0.25 0.697 | 0.718 | 0.777 | 0.824 | 0.861 | 0.898 | 0.942 | 0.987 | 1.032 | 1.141
4675359A | EPDM | 0.44 0.07 1446 | 1543 | 1601 | 1.626 | 1.690 | 1.768 | 1.852 | 1.923 | 1.990 | 2.304
4675359B EPDM 0.41 0.21 0916 | 0973 | 1051|1097 | 1.137 |1.189 | 1.203 | 1.251 | 1.300 | 1.507
4678345A PE 0.95 0.31 0938 | 0959 | 1044|1162 | 1.274 | 1.397 | 1553 | 1.795 | 2.200 | 2.025
4678345B PP 1.04 0.23 0935 | 0958 |1.023 1104 | 1183 | 1274 | 1379 | 1504 | 1652 | 1.934
4680250A | Rubber | 1.26 0.24 0.724 | 0.827 | 0940 | 0986 | 1.029 | 1.084 | 1.144 | 1.166 | 1.204 | 1.391
4680250B Fibers 0.22 1105 ] 1.133 | 1215|1298 | 1.386 | 1475 | 1.552 | 1.693 | 2.036 | 2.102
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Table A-2-9 continuing from the previous page

P k Heat Capacity (J/g-K
Part Plastic g/em” | Wim-*C pacty D0
Temperature (°C)

20 20 -50 -40 -20 0 20 40 60 80 100 200
4680250C | Polyester | 1.15 <0.01 | 0985 | 1.032 | 1.120 | 1.157 | 1.207 | 1.262 | 1.366 | 1.435 | 1.521 | 1.785
4683264A PP 0.90 0.19 1.041 | 1.068 | 1.152 | 1.264 | 1.382 | 1.501 | 1.629 | 1.773 | 2.033 | 2.247
4683264B PP 0.90 0.21 1230 | 1.261 | 1.337 | 1.445 | 1562 | 1.687 | 1.829 | 1.974 | 2.174 | 2.476
4707580 PE 0.95 0.37 1037 | 1.044 | 1121 | 1216 | 1.330 | 1.473 | 1.649 | 1.882 | 2.368 | 2.122
4707808A 1.16 0974 | 0998 | 1120 | 1.221 | 1.298 | 1.435 | 1.783 | 2.411 | 1.563 | 1.752
4707808B 1.10 0.722 | 0.728 | 0.765 | 0.808 | 0.845 | 0.882 | 0.931 | 0.982 | 1.043 | 1.315
4707743C ABS 1.07 0.21 0.858 | 0.892 | 0.946 | 0.999 | 1.057 | 1.122 | 1.182 | 1.239 | 1.303 | 1.733
4716051 SMC 1.64 0.37 0.605 | 0.620 | 0.653 | 0.689 | 0.726 | 0.767 | 0.813 | 0.858 | 0.906 | 1.140
4716345A PS 0.90 0.17 1.021 | 1.063 |1.118 | 1.173 | 1.234 | 1.300 | 1.378 | 1.434 | 1.487 | 1.700
4716345B PS 1.30 0.10 0.955 | 0984 | 1043|1098 | 1.159 | 1.231 | 1.310 | 1.362 | 1.412 | 1.624
4716832A | PET etc | 0.09 0.04 0.825 | 0.844 | 0.906 | 0.973 | 1.043 | 1.118 | 1.184 | 1.230 | 1.291 | 1.664
4716832B PET 0.66 0.09 0581 | 0.595 | 0.642 | 0.695 | 0.749 | 0.808 | 0.875 | 0.926 | 0.986 | 1.319
4716895 PP 0.93 0.23 1111 | 1.164 | 1242 | 1.310 | 1.392 | 1.492 | 1.613 | 1.743 | 1.925 | 2.200
4716896A Fibers 1.60 0.761 | 0.770 | 0.839 | 0.896 | 0.953 | 1.015 | 1.021 | 1.115 | 1.151 | 1.400
4716896B PVC 1.00 0.23 0.634 | 0.651 | 0.690 | 0.724 | 0.753 | 0.785 | 0.821 | 0.855 | 0.888 | 1.052
4716896C | PVC-Hyd | 1.60 0.10 0.762 | 0.795 | 0.851 | 0.896 | 0.932 | 0.973 | 1.016 | 1.058 | 1.098 | 1.239
4734025 0.11 <0.01 | 0.762 | 0.790 | 0.834 | 0.885 | 0.932 | 0.981 | 1.029 | 1.070 | 1.115 | 1.334
4734033 PVC 1.38 0.779 | 0.808 | 0.895 | 0.956 | 1.010 | 1.062 | 1.128 | 1.191 | 1.242 | 1.412
4734039A | Nylon 66 | 1.46 0.889 | 0915 | 0975 | 1.038 | 1.110 | 1.213 | 1.318 | 1.450 | 1.493 | 1.813
4734039B TPO 0.93 0.09 1110 | 1.190 | 1.294 | 1.344 | 1.385 | 1.446 | 1.526 | 1.609 | 1.705 | 1.961
4734041A | Nylon 66 | 1.50 0.58 0.793 | 0.813 | 0.867 | 0.923 | 0.990 | 1.096 | 1.196 | 1.286 | 1.314 | 1.691
4734041B TPO 0.97 0.13 1.205 | 1246 | 1.334 | 1.358 | 1.408 | 1.457 | 1.520 | 1.592 | 1.658 | 1.865
4734042A 1.50 0.40 0.875 | 0.899 | 0956 | 1.016 | 1.086 | 1.199 | 1.317 | 1.426 | 1.461 | 1.910
4734042B TPO 0.98 0.05 1222 | 1265 | 1.369 | 1.398 | 1.441 | 1.478 | 1.541 | 1.614 | 1.690 | 1.933
4734063 PP 1.19 0.39 1470 | 1.053 |1.114 | 1.182 | 1.263 | 1.352 | 1.456 | 1.537 | 1.650 | 1.895
4734067A | ABS/PVC | 0.10 0.02 0.718 | 0.726 | 0.869 | 0.957 | 0.999 | 1.044 | 1.092 | 1.134 | 1.188 | 1.345
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p K Heat Capacity (J/g-K)
Part Plastic g/em” | W/m-*C
Temperature (°C)

20 20 -50 -40 -20 0 20 40 60 80 100 200
4734067B 2.10 0.607 | 0.629 | 0.726 | 0.792 | 0.822 | 0.920 | 1.019 | 0.925 | 0.915 | 1.025
4734074 PP 121 0.39 0.905 | 0910 | 0.969 | 1.039 | 1.112 | 1.199 | 1.285 | 1.377 | 1.490 | 1.760
4734225 PP 1.11 0.34 1128 | 1.149 |1.203 | 1.291 | 1.373 | 1.456 | 1.553 | 1.672 | 1.815 | 1.947
4734367 PP 1.20 0.33 0.164 | 1.167 | 1223 | 1.301 | 1.386 | 1.474 | 1.581 | 1.686 | 1.817 | 2.015
4734370 | ABS/PVC | 0.07 0.15
4734396 0.12 0.03
4734650 0.11 0.03
4734651 0.17 0.04
4734724 TPO 0.97 0.33 1.062 | 1.092 | 1.185 | 1.224 | 1.260 | 1.328 | 1.413 | 1.497 | 1.599 | 1.872
4883140A PE 0.94 0.30 1.082 | 1.083 | 1.152 | 1.223 | 1.353 | 1473 | 1.631 | 1.817 | 2.217 | 2.147
4883140B | Nylon12 | 1.04 0.18 0.834 | 0.867 | 0973 | 1.106 | 1.211 | 1.310 | 1.410 | 1.498 | 1.595 | 1.787
4883140C |ABC/PVC| 0.95
4857041A PC 1.19 0.20 1.068 | 1.076 | 1.142 | 1.210 | 1.282 | 1.357 | 1.434 | 1559 | 1.658 | 2.061
4857041B PC 1.20 0.22 1300 | 1.301 |1.362 | 1.427 | 1.499 | 1.566 | 1.623 | 1.698 | 1.774 | 2.177
4857041C POM 141 0.27 1.092 | 1.118 | 1.167 | 1.224 | 1.285 | 1.349 | 1.425 | 1528 | 1.659 | 1.918
4857041D | Polyimide | 1.59 0.560 | 0.581 | 0.618 | 0.659 | 0.700 | 0.743 | 0.788 | 0.831 | 0.872 | 1.050
4857041E PC 1.18 0.19 0.959 | 0959 | 1.015|1.080 | 1.156 | 1.228 | 1.297 | 1.373 | 1.445 | 1.095
5235267 PP 0.90 1.037 | 1.074 | 1.158 | 1.265 | 1.369 | 1.480 | 1.609 | 1.776 | 2.189 | 2.216
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Table A-2-10. Density, Thermal Conductivity, and Heat Capacity
of a 1997 Chevrolet Camaro Plastic Parts [4]

_ q /é)mg W /rir(1-°C Heat Capacity (J/g-K)
Part Plastic Temperature (°C)
20 20 -40 -20 0 20 40 60 80 100 | 200
10138735 |PE 0.80 0.23 1.325 | 1.412 | 1.527 | 1.664 | 1.827 | 2.053 | 2.379 | 3.027 | 2.463
10153750  |PP 1.04 0.19 1.454 | 1.539 | 1.650 | 1.757 | 1.867 | 2.030 | 2.198 | 2.388 | 2.614
10208798 Hydrocarbon 1.19 0.13 1.313 | 1.425 | 1.543 |1.621| 1.609 | 1.660 | 1.720 | 1.777 | 2.051
10231299  |PU 1.04 0.14 1.295 | 1.371 | 1.442 {1513 | 1.576 | 1.642 | 1.749 | 1.991 | 0.219
10243962  |PP/PE 0.88 0.33 1.559 | 1.660 | 1.777 [1.870| 2.013 | 2.216 | 2.439 | 2.795| 2.693
10246204A 1.14 2.046 | 2.261 | 2.300 | 2.340 | 2.400 | 2.460 | 2.520 |2.620 | 2.850
10246204B  |PP/PE 0.89 0.24 1.563 | 1.660 | 1.780 [1.880| 2.020 | 2.250 | 2.450 | 2.750 | 2.820
10269100A |[PS 0.96 0.26 0.890 | 0.942 | 1.009 | 1.066 | 1.128 | 1.197 | 1.264 [ 1.329 | 1.706
10269100B 1.21 0.08 1.503 | 1.581 | 1.662 |1.734| 1.809 | 1.891 | 1.965 | 2.032 | 2.300
10269100C |ABS 0.89 0.10 1.058 | 1.154 | 1.261 | 1.362| 1.462 | 1.560 | 1.665 | 1.750 | 1.938
10269102A [PC 1.18 0.34 1430 | 1.568 | 1.751 [1.885| 2.120 | 2.481 | 2.891 | 5.303 | 2.404
10269102B 1.457 | 1.552 | 1.585 [1.625| 1.676 | 1.722 | 1.776 | 1.833 | 2.101
10269102C 0.856 | 0.996 | 1.150 |1.290 | 1.513 | 1.855 | 2.662 | 4.855| 1.854
10277446A |PP 1.05 0.19 0.312 | 0.353 | 0.432 | 0.512 | 0.593 | 0.705 | 0.843 | 1.024 | 1.164
102774468 0.13 0.147 | 0.323 | 0.408 | 0.456 | 0.478 | 0.496 | 0.522 | 0.552 | 0.702
10277466 1.07 0.36 1.268 | 1.360 | 1.480 [1.590 | 1.752 | 1.800 | 1.950 | 2.033| 2.310
10277772A |Nylon 6 0.09 0.12 1.303 | 1.383 | 1.496 | 1.600 | 1.727 | 1.860 | 1.963 | 2.080 | 3.049
10277772B _ |PU 0.08 1.620 | 1.701 | 1.771 |1.822| 1.876 | 1.962 | 1.981 | 2.054 | 2.353
10277772C _ |Phenolic 0.16 0.28 1.060 | 1.087 | 1.127 |1.164 | 1.206 | 1.247 | 1.238 | 1.311| 1.420
10278015A 0.06 0.07 1.116 | 1.144 | 1.210 |1.300| 1.370 | 1.446 | 1.512 | 1.586 | 2.244
10278015B 0.08 0.19 0.921 | 0.954 | 0.988 |1.017| 1.054 | 1.085 | 1.118 |1.143| 1.231
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' g /c?m3 Y /rlr<1-°C Heat Capacity (J/g-K)
Part Plastic Temperature (°C)

20 20 -40 -20 0 20 40 60 80 100 200
10278989A |Nylon 6 0.27 0.11 0.979 | 1.031 | 1.101 | 1.185| 1.267 | 1.344 | 1.408 | 1.500 | 2.133
10278989B |PP 1.14 0.33 0.869 | 0.923 | 1.003 | 1.078 | 1.150 | 1.231 | 1.315 | 1.402 | 1.663
10282257A |PE 1.20 0.35 1270 | 1.380 | 1.497 | 1578 | 1.734 | 2.066 | 2.481 |4.016 | 2.048
10282257B |PU 2.063 | 2.131 | 2.193 | 2.238 | 2.292 | 2.351 | 2.403 | 2.445| 2.706
10284967 1.20 0.35
10296526 |PP/PE 0.88 0.24 1434 | 1.545 | 1.654 | 1.756 | 1.893 | 2.072 | 2.266 | 2.528 | 2.703
16215781A |ABS 1.43 0.13 1.288 | 1.346 | 1.419 |1.482| 1.558 | 1.663 | 1.771 |1.931| 2.415
16215781B |PS/phenolic 1.36 0.12 1122 | 1.191 | 1.271 |1.329| 1.392 | 1.471 | 1.551 | 1.646 | 2.054
16215781C |SA 111 0.09 1.076 | 1.131 | 1.199 | 1.255| 1.319 | 1.393 | 1.481 | 1.619| 2.014
16514312 |PE 0.99 0.29 1535 | 1.747 | 1.951 | 2.098 | 2.434 | 3.031 | 4.046 | 7.921 | 2.665
16524838 |PP/PE 111 0.28 1.363 | 1.426 | 1.502 | 1.583 | 1.683 | 1.782 | 1.893 | 2.028 | 2.177
16633455 |PP/PE 0.95 0.20 1504 | 1.594 | 1.705 | 1.796 | 1.919 | 2.062 | 2.223 | 2.426 | 2.539
16795366 0.07 1.688 | 1.759 | 1.853 | 1.916 | 2.002 | 2.081 | 2.138 | 2.204 | 2.596
16795385A |PP 1.23 0.35 1175 | 1.257 | 1.360 | 1.445| 1.544 | 1.654 | 1.786 | 1.886 | 2.219
16795385B |PET 1.17 0.31 1.036 | 1.109 | 1.165 |1.216| 1.257 | 1.336 | 1.412 | 1.498 | 1.965
16795385C |PET 1444 | 1493 | 1.541 | 1596 | 1.644 | 1.690 | 1.737 | 1.785| 2.099
22098787 |Nylon 6/6 1.44 0.35 0.902 | 0.963 | 1.038 | 1.121| 1.255 | 1.376 | 1.483 | 1.551 | 2.718
26024352 |Nylon 6/6 1.40 0.31 0.996 | 1.056 | 1.133 | 1.212| 1.351 | 1.488 | 1.585 |[1.686 | 2.141
52458712 1.20 0.37 1294 | 1.369 | 1.462 | 1.553 | 1.656 | 1.776 | 1.902 | 2.043 | 2.263
52458713 |PP 1.20 0.33 1.091 | 1.158 | 1.263 | 1.365| 1.446 | 1.552 | 1.667 | 1.805| 1.999
52458898 |PP 1.17 0.29 1.042 | 1.108 | 1.196 |1.278 | 1.364 | 1.468 | 1.582 | 1.705 | 1.954
52458938 [PU 0.18 0.12 1176 | 1.261 | 1.339 | 1.416| 1.468 | 1.519 | 1.564 | 1.590 | 1.782
52458941 |PU 0.21 0.12 1344 | 1.414 | 1.474 {1533 | 1.607 | 1.659 | 1.721 |1.772| 1.882
52458960 [PU 1.23 0.29 0.930 | 0.980 | 1.050 | 1.150| 1.200 | 1.310 | 1.410 |1.530| 1.690
52458961A (PU 0.09 0.17 1148 | 1.263 | 1.304 | 1.362 | 1.413 | 1.446 | 1.497 | 1.541 | 1.638

Table A-2-10 continued on the next page
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Table A-2-10 continued from the previous page

' g /c?m3 Y /rlr<1-°C Heat Capacity (J/g-K)
Part Plastic Temperature (°C)
20 20 -40 -20 0 20 40 60 80 100 200
52458961B (PU 1.815 | 1.919 | 2.031 | 2.064 | 2.152 | 2.239 | 2.488 | 2.883 | 2.515
52458965 [PU 1.22 0.39 1.028 | 1.089 | 1.178 | 1.254 | 1.337 | 1.434 | 1.540 | 1.665 | 1.857
52458972 |PU 0.11 0.19 1212 | 1.259 | 1.340 | 1.424 | 1.477 | 1.478 | 1.513 | 1.557 | 1.712
52458976 |PU 1.71 0.17 1296 | 1.342 | 1.403 | 1.467| 1.541 | 1.612 | 1.740 | 1.798 | 2.021
52461468A |Nylon 1.48 0.41 0.844 | 0.896 | 0.964 | 1.036| 1.138 | 1.255 | 1.360 |1.440| 1.912
52461468B 1.07 0.11 1292 | 1.361 | 1.461 | 1.560 | 1.667 | 1.787 | 1.921 | 2.092 | 2.283
52461468C |Hydrocarbon 1.20 0.35 1562 | 1.641 | 1.659 |1.663 | 1.717 | 1.795 | 1.889 | 1.987 | 2.156
52461468D |[EPDM & PS 0.86 0.13 1.714 | 1.837 | 1.868 | 1.878 | 1.935 | 2.042 | 2.186 | 2.358 | 2.576
52464968 0.02 1.265 | 1.366 | 1.618 | 1.810| 1.908 | 2.077 | 2.132 | 2.422 | 1.624
52465340 |Nylon 6/6 1.18 0.39 1.115 | 1.170 | 1.250 | 1.313 | 1.437 | 1.585 | 1.705 | 1.812 | 2.274
52472378 |PU 2.062 | 2.237 | 2.341 | 2.395| 2.449 | 2.501 | 2.561 |2.609 | 2.799
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Table A-2-11 Heat Capacity and Thermal Conductivity of Possible Replacements Plastics for Vehicle Parts [3]

¢p (J/g-°C) in Nitrogen k
Replacement Plastic Temperature (°C) (W/m-OC-:)
at 30°C in
-50 -40 -20 0 20 40 60 80 100 | 200 | 300 | Nitrogen
Polypropylene
Pro-faxSB786 1.010 | 1.031 | 1.121 | 1.233 | 1.357 | 1473 | 1.600 | 1.750 | 1.937 | 2.155 | 2.413 0.12
Profax 8523 1.337 | 1.404 | 1.501 | 1.628 | 1.737 | 1.894 | 1.968 | 2.140 | 2.382 | 2.442 | 2.740 0.12
151(FR) 0.846 | 0.854 | 0.879 | 0.952 | 1.018 | 1.084 | 1.491 | 1.225 | 1.307 | 1.537 | 1.789 0.17
156(FR) 1.293 | 1.320 | 1.416 | 1.568 | 1.658 | 1.760 | 1.873 | 2.051 | 2.157 | 2.322 | 2.506 0.16
Nylon 66
Ultramid A3K 1446 | 1.451 | 1.536 | 1.651 | 1.748 | 1.838 | 1.997 | 2.191 | 2.343 | 2.652 | 2.979 0.18
UltramidA3X2G5 (FR) | 1.164 | 1.167 | 1.229 | 1.312 | 1.378 | 1.441 | 1562 | 1.659 | 1.754 | 2.122 | 2.038 0.21
200H (FR) 1.050 | 1.071 | 1.142 | 1.222 | 1.303 | 1413 | 1.529 | 1571 | 1.639 | 2.017 | 1.991 0.15
299X 1.187 | 1.225 | 1.265 | 1.367 | 1.461 | 1557 | 1.812 | 1.895 | 2.014 | 2.770 | 2.736 0.15
Nylon 6
Standard 1.048 | 1.081 | 1.149 | 1.229 | 1.317 | 1421 | 1.558 | 1.732 | 1.847 | 3.982 | 2.487 0.14
With nano composite 1.198 | 1.188 | 1.257 | 1.404 | 1.547 | 1.656 | 1.804 | 1.953 | 2.069 | 4.191 | 2.729 0.16
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A-3-1. THE FMVSS 302 TEST FOR FLAMMABILITY OF INTERIOR
MATERIALS

The standard specifies burn resistance requirements for materials used in the occupant

compartments of motor vehicles [20]. The purpose of the standard is to reduce the deaths and

injuries to motor vehicle occupants caused by vehicle fires, especially those originating in the

interior of the vehicles from sources such as matches or cigarettes. The standard applies to

passenger cars, multipurpose passenger vehicles, trucks, and buses.

Acceptance Criteria

The materials shall not burn nor transmit a flame front across its surface at a rate of more than
102 mm/min (1.7 mm/s). If a material stops burning after 60 seconds of heat exposure and has
not burned more than 51-mm from the point where the timing was started, it shall be considered

to meet the burn-rate requirement.

Test Conditions
The test is performed in a 381-mm long, 203-mm deep and 356-mm high metal cabinet, shown

in Fig. A-3-1 [20]. It has a glass observation window in the front, an opening to permit insertion

/\38 of the specimen holder and a hole to
1
\y accommodate tubing for gas burner.
13 mm VENTILATING

CLEARANGE For ventilation, it has a 13-mm

clearance space around the top of the

356

HEAT RESISTANT GLASS cabinet, ten hole in the base of the

19 mm VENTILATION

cabinet, each hole 19-mm in diameter
HOLES ﬁ

2 and legs to elevate the bottom of the

9 mmLEGS ———>

/, cabinet by 10-mm.

%D'-" . . .
I/ The test specimen is inserted

Figure A-3-1. The 571.302 standard test chamber. P€tween the two U-shaped frames of
Figure taken from Ref. 20. metal stock, 25-mm wide and 10-mm
high. The interior dimensions of the

U-shaped frame are 51-mm wide by 330-mm long. The total width of the frame is 101-mm. A

specimen that softens and bends is kept horizontal by supports consisting of 10-mil heat -
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resistant wires at 25-mm intervals, inserted over the bottom U-shaped frame. The U-shaped
frames hold both sides and one end of the sample even with the open end of the frame.

The ignition source consists of a Bunsen burner with a tube of 10-mm inside diameter.
Gas supply is adjusted to provide a vertical, 38-mm high flame. The air inlet to the burner is
closed. The gas used in the burner has a flame temperature equivalent to that of natural gas.

Each specimen is rectangular, 102-mm in width and 356-mm in length. The thickness of
the specimen is that of the single or composite material used in the vehicle, except that if the
thickness exceeds 13-mm, it is cut down to that thickness measured from the surface of the
specimen closest to the occupant compartment air space. If the specimens are not flat, they are
cut to not more than 13-mm in thickness at any point. The maximum available length or width of
a specimen is used where either dimension is less than 356-mm or 102-mm respectively, unless
surrogate testing is required. Prior to testing, each specimen is condition for 24 hours at a
temperature of 21 °C and a relative humidity of 50%. The test is conducted under ambient
conditions.

The Bunsen burner is placed under the horizontal sample such that the center of the
burner tip is 19-mm below the center of the bottom edge of the open end of the sample. The
sample is exposed to the flame for 15 seconds. The time for the flame to reach 38-mm from the
open end of the sample is noted and used to calculate the burn rate in mm/min.

These procedures were used in the tests following this standard [8].

A-3-2. SMOKE AND TOXICITY TESTS, IMO FTP CODE AND AIRBUS INDUSTRY

ABD 0031 (ASTM E662)

Each test uses a smoke chamber consisting of 914 x 610 x 914-mm (36 x 24 x 36-in) enclosure
capable of developing and maintaining positive pressure during test periods similar to the ASTM
E 662 [8,19]). Both methods subject the sample to a radiant heat flux from a 450 W conical
heating element. For the IMO method, the heating element and sample are oriented horizontally;
for the Airbus method, they are oriented vertically. A single pilot flame mounted above the
specimen is used in the IMO method, while an impinging six-tube pilot burner mounted between
the specimen and the heating coil is used in the Airbus method. For the collection of gas samples
and for the concentrations measurements of various gases, ASTM E800 (2001) standard test
procedure and Nordtest Standard NTFIRE 047 are used.
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The samples used in the tests following these standards were 76-mm X 76-mm in dimensions
with thickness as received. The ABD 0031 samples were pre-dried at 60 °C for 24 hours.
Samples for both the test methods were conditioned at 23 °C and 50% relative humidity until
constant mass was achieved. Prior to testing, all the samples were covered across the back, along
the edges and over the front periphery with a single sheet of aluminum foil. Samples were
backed with a sheet of 13-mm (0.5-in) thick piece of non-combustible insulating materials,
secured with a spring, and retailing rod.

The IMO and Airbus require that materials meet the limits on the concentrations of toxic
gases generated in the standardized tests. The concentration limits are listed in Table A-3-1

Table A-3-1. Toxic Gas Concentration Limits [8]

Toxic Gas Concentration (ppm)
Airbus IMO
CO, None None
CcO 1000 1450
HF 100 600
HCI 150 600
HBr None 600
NOy 100 350
HCN 150 140
SO, 100 120

A-3-3. GM’S MODIFIED 9833P FLAMMABILITY TEST

In the test, 102-mm (4-in) wide and 298-mm (12-in) long sample inside a U-shaped metal frame,
similar to that of FMVSS 571. 302, is exposed on both sides by two radiant heaters (Fig. A-3-2)
[15]. The entire sample assembly is kept inside a 1.1-m (44-in) long x 0.51-m (20-in) wide x
1.3-m (50-in) high enclosure with an exhaust fan at the top. In the tests following this standard,
each sample was tested at ambient temperature, 93 °C (200 °F), 121 °C (250 °F) and 149 °C (300
OF). Each sample was ignited at the open end by a Meeker type-high temperature burner. Two
load cells were used to measure the burning rate and melting rate during fire propagation. Extent

of flame spread was also measured. The test was terminated after 300 seconds of burning or if
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the sample self extinguished. Propylene (PP), fire retarded (FR)-PP, and nylons with and without
FR with a sample orientation of 45 °C were tested.

Data acqulsition system

bt——— 5 ¢m = --:'1 -
 —— —— ] | -
1w
LL |

7

? 5 | DRIP WERGHT | e
! OAD CELL —
L CEFRAEEE
[ sameie weicht Loao cect | //r.f/'f':.a_“?e‘f R
\"-.

Figure B-3.2 The GM Modified 9833P Flammability Test Apparatus [15].

A-3-4 THE ASTM E1354 STANDARD TEST METHOD USING THE CONE
CALORIMETER
The tests were performed following the ASTM E1354 Cone Calorimeter standard test procedure
[8, 19]. In the tests, each sample was used in the horizontal orientation with the edge frame and
spark igniter. Four types of the tests were performed: full Cone Calorimeter tests, emmisivity
tests, ignition tests, and intrinsic heat release tests. The full tests and the intrinsic heat release
tests were terminated after flameout and data were recorded as specified in the ASTM E1354.
The emmisivity and the ignition tests were terminated two minutes after sustained flaming was

observed.
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Full Cone Calorimeter tests were generally conducted in duplicate at three heat flux levels: 20,
35, and 50 kW/m?. A third test was performed if there was a large discrepancy. Up to four
additional ignition tests were performed at heat flux levels below 20 kW/m?. Most samples used
were 100-mm x100-mm in dimension with a thickness > 6-mm.

Supplemental toxic gas measurements were also made in the sampling duct of the ASTM
E1354 Cone Calorimeter by an FTIR. The ASTM E800 (2001) [19] standard test procedure was

used for the collection and concentration measurements of CO, CO,, HCN, NO,, and HCI.

A-3-5 THE ASTM E2058 STANDARD TEST METHOD USING THE FIRE
PROPAGATION APPARATUS []

The tests were performed following the ASTM E2058 standard test procedure
[12,13,14,16,17,19]. For the ignition and combustion tests, each sample was used in a horizontal
orientation and for the fire propagation test; each sample was used in a vertical orientation. The
horizontal sample was either a square slab (100-mm x 100-mm) or a round slab (100-mm
diameter) with thickness > 3-mm.

The sample was placed in a horizontal configuration inside a sample dish made of two
layers of 0.05-mm thick aluminum foil. The dish was placed on top of a platform. The sample
surface was coated by a fine graphite powder or by a single coat of flat black paint for maximum
absorption of the external heat flux applied to the surface of each sample in the test in the
presence of a pilot flame. The ignition test was performed under natural airflow (no quartz tube
around the sample). The combustion test was performed under forced airflow (quartz tube
around the sample).

In the ignition test, performed at various external heat flux values in the range of 10 to 60
kW/m?, time-to-ignition was measured at each external heat flux value and used to derive the
Critical Heat Flux (CHF) and Thermal Response Parameter (TRP) values.

In the combustion test, each sample was placed inside the quartz tube and was exposed to

50-kW/m? of external heat flux in normal air with a co-airflow rate of 158-mm/s (volumetric

flow rate of 2.9 x 10-3 m3/s). In the test, following measurements were made every second until
flame extinction or the sample stopped volatilizing:

1) Weight loss;

2) Concentrations of products and oxygen

3) Ambient and hot gas temperatures;

4) Total volumetric (mass) flow rate of product-air mixture through the sampling duct;
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5) Optical transmission through the product-air mixture flowing through the sampling duct;

6) Initial and final weight of the sample;

7) Visual observations (flame height and color, smoke particulate shape, size, and color, melting
and charring behaviors of the sample).

The measured data were used to calculate the release rates of fuel vapors, heat and products, heat
of combustion and product yields.

In the fire propagation test, a 100-mm wide, 300-mm high sample with thickness = 3-mm
was used. The sides and back of the sample were covered by a 0.05-mm thick ceramic paper,
which was wrapped by two layers of 3-mm thick aluminum foil. The sample was wrapped at five
locations by a No. 24-guage nickel/chromium wire (50-mm apart from the ends and from each
other). The sample was placed over a ladder type vertical holder. The sample and the holder were
wrapped by a 24-guage nickel/chromium wire at about 60-mm. A 100-mm long x 10-mm wide x
10-mm deep dish, made of two layers of 3-mm thick aluminum foil was placed at the bottom of
the holder to collect molten mass of the plastic.

The propagation tests were performed under co-airflow rate of 2.9 x 10 m%s (158 mm/s
velocity) with an oxygen concentration of 40 %. The bottom 130-mm of the sample was exposed
to external heat flux of 50 kW/m? in the presence of a pilot flame. The measurements made in
the fire propagation test were very similar to those made in the combustion tests. Data measured
in the fire propagation and ignition tests were used to calculate the Fire Propagation Index
(FPI).
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1. Data from the Tests Following the FMVSS 571.302 Standard

The tests were performed by SwRI [8]. Plastics from parts from a 1996 Dodge Caravan and a
1997 Chevrolet Camaro, listed in Appendix A in Table A-1-7, were tested by this method. The
measured data are listed in Tables A-4-1 and A-4-2.

2. Data for Smoke and Toxicity from the Tests Following the IMO FTP Code
and Airbus Industry ABD 0031 Test

The tests were performed by SwRI [8]. Square samples with dimensions of 76-mm x 76-mm and
thicknesses as received were exposed to 25 and 50 kW/m? of external heat flux in a 914-mm x
610-mm x 914-mm Smoke Chamber. Data were measured for both flaming (F) and non-flaming
(NF) fires. Three 1996 Dodge Caravan parts (Appendix A-1, Table A-1-7) were tested. The
measured data are listed in Tables A-4-3 to A-4-5.

3. Data for Melting and Flame Spread from the Tests Following the GM
Modified 9833P Apparatus
The tests were performed by GM [3, 15]. The test data are listed in Tables A-4-6 to A-4-8.

4. Data from the Tests in the Cone Calorimeter Following the ASTM E1354
Standard Test Procedures

The tests were performed by SwRI [8]. Sample was used in the horizontal orientation with the
edge frame and spark igniter. Tests were generally conducted in duplicate at three heat flux
levels: 20, 35, and 50 kW/m?. A third test was performed if there was a large discrepancy. Up to
four additional ignition tests were performed at heat flux levels below 20 kW/m? Most samples
used were 100-mm x100-mm in dimension with a thickness > 6-mm. Supplemental toxic gas
measurements for the concentrations and yields of CO, CO,, HCN, NOy, and HCI were made in
the sampling duct of the Cone Calorimeter by an FTIR. The measured data are listed in Tables
A-4-9 to A-4-13.

5. Data from the Tests in the Fire Propagation Apparatus Following
the ASTM E2058 Standard Test Procedures
The tests were performed by FM Global following the ASTM E2058 standard test procedure.

[12,13,14,16,17,19]. For the ignition and combustion tests, square (100-mm x 100-mm) or round

(100-mm diameter) samples with thickness > 3-mm. were used in a horizontal orientation.
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Ignition tests were performed in normal air with external heat flux in the range of 10 to 60
kW/m?2. Combustion tests were performed in normal air with an external heat flux of 50 kW/m?.
For fire propagation tests performed in 40 % oxygen concentration and 50 kW/m? of external
heat flux, 100-mm wide, 300-mm high samples in a vertical orientation with thickness = 3-mm

were used. The measured data are listed in Tables A-4-14 to A-4-18.
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Table A-4-1. The FMVSS 571.302 Test Data for Plastics in a 1996 Dodge Caravan Parts [8]

L. . . Burn Rate
Part Description Plastic Behavior TestRun (mm/min) | Pass/Fail
1 2 | 3

5235267AB | Battery Cover PP Flaming droplets (sec) 36 | 23 | 24 68 Pass
Melting (s) 114

4861057 Resonator Structure PP Dripping (s) 120 | 108 51 Pass
Burning on the floor (s) 152 | 120

5303058 Resonator Intake Tube Eil[a)bl\:r Flaming droplets (s) 26 56 Pass

4678345 Air Ducts PE or PP Flaming droplets (s) 46 | 36 37 Pass

4683264 | Brake Fluid Reservoir | PP Dripping (s) 64 20 Pass
Burning on the floor (s) | 244

4860446 Kick Panel Insulation PVC No sustained burning 0 Pass

4857041A | Headlight Clear Lens PC

4857041A | Headlight Casing POM No sustained burning 0 Pass

Fender Sound .
4716345B Reduction foam PS Flaming droplets (s) 413 | 368 36 Pass
4716832B | Hood Liner Face PET No sustained burning 0 Pass
. . . Fiberglass/
4716051 \SdeSh'eld Wiper Polyester/s | No sustained burning 0 Pass
tructure tyrene
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Table A-4-2. The FMVSS 571.302 Test Data for Plastics in a 1997 Chevrolet Camaro Parts (8)

Part Description Plastic Behavior Test Run Burn Rate | pass/
1 2 3 (mm/min) | g4l
Front Wheel Well Dripping (s) 45 139
10296526 Liner PP,PE Flaming droplets (s) 52 | 50 37 Pass
Burning on the floor (s) | 186 | 162
. Flaming droplets (s) 105 | 105
10297291 | Air Inlet PP,PE Burning on floor (s) 105 1105 15 Pass
Nylon 6/
10278015 | Hood Insulator phenolic No sustained burning 0 Pass
binder
Radiator Inlet/Outlet Dripping no | No
52465337 Nylon 6,6 _ sustained | 2 Pass
Tank Flaming no burning
22098787 | Engine Cooling Fan Nylon6 No sustained burning 0 Pass
26019594 Eower S_teermg Fluid Nylon 6,6 No sustained burning 0 Pass
eservoir
10310333 | Windshield Laminate No sustained burning 0 Pass
52458965 | Dlower Motor PP Flaming droplets (s) |37 |41 32 Pass
Housing
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Table A-4-3. Peak CO and HCI Concentrations and Yields (Airbus Method at 25 kW/m?) [8]

. CO HCI
Part Plastic | Measurement | Mode 1 > AV 1 > AV
Concentration NF 4 2 3
Headlight lens PC (ppm) F 470 532 501
(4857041A Yield (mg/g) NF 2 1 2
F 22 29 26
Concentration NF 2563 | 2095 | 2329
Hood liner PET (ppm) F 2096 | 1765 | 1931
face 4716832B Yield (mg/g) NF 82 61 71
F 93 71 82
Kick panel Concentration NF 528 | 731 | 629 | 510 | 631 | 571
backing- PVC (ppm) F 1053 | 934 994 | 625 | 596 | 611
rubber side Yield (mg/g) NF 10 12 11 22 32 27
4860446 9’9 F 28 | 31 | 30 | 26 | 28 | 27

Table A-4-4. Peak CO and HCI Concentrations and Yields (IMO Method at 25 kW/m?) [8]

. CO HCI
Part Plastic | Measurement | Mode 1 > AV 1 > AV
Concentration NF 1 4 2
Headlight lens PC (ppm) F 14 19 17
(4857041A Yield (mg/g) NF 1 1 1
F 2 4 3
Concentration NF 5860 | 4400 | 5130
Hood liner PET (ppm) F 3470 | 4020 | 3745
face 4716832B Yield (mg/g) NF 228 131 179
F 133 91 112
Kick panel Concentration NF 174 3 89 41 | 30 36
backing- PVC (ppm) F 362 9 185 | 27 11 19
rubber side vield / NF 48 3 25 14 10 12
4860446 teld (mofg) ¢ 7 2 4 | 1 | 4 | 3
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Table A-4-5. Peak CO and HCI Concentrations and Yields (IMO Method: Non-Flaming) at 50 k\W/m? [8]

) CO HCI

Part Plastic Measurement 1 5 AV 1 5 Av
Headlight Concentration 1845 | 838 1342
lens PC (ppm)
(4857041A) Yield (mg/g) 63 85 74
Hood liner Concentration
face PET (pom) 4189 | 2874 3532
4716832B Yield (mg/g) 139 160 150
Kick panel Concentration | g0/ | 1515 | ogg 1073 | 1251 1162
backing- (ppm)
rubber side PVC
4860446 Yield (mg/g) 15 34 25 18 80 49

Table A-4-6. Thermal Behavior of Plastics at Ambient Temperature (GM 9833P Test) [15]

Temperature Thermal Polypropylene Nylon 6 U?{Ig;nﬁg

°Cc Behavior | Fro-fax | 151 156 Standard With nano- A3X2G5
8523 (FR) (FR) composite (FR)
20 29.9 2.4 3.2 3.9 7.4 1.1
93 Mass Loss 31.0 1.9 2.7 8.6 23.2 1.7
121 (%) 57.5 4.6 4.6 11.0 30.6 1.9
150 72.1 7.3 7.4 12.4 34.0 2.2
20 5.5 1.3 2.0 3.4 5.4 1.0
93 Burning (%) 1.1 1.0 1.8 0.8 3.1 1.2
121 18.2 2.9 2.8 0.3 4.8 0.8
150 10.4 4.3 4.6 0.4 3.8 0.6
20 24.4 1.1 1.2 0.5 2.0 0.1
93 Dripping (%) 29.9 0.9 0.9 7.8 20.1 0.5
121 39.3 1.7 1.8 10.7 25.8 1.1
150 61.7 3.0 2.8 12.0 30.2 1.6
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Table A-4-7. Thermal Behavior of Plastics at 121 °C (GM 9833P Test) [15]

Plastic VVinitial VVfinal VVloss Wburning Maximum Dripping
@) @) g | % (%) g | %
Polypropylene

SB-786 122.7 75.0 47.7 38.9 17.8 25.8 21.1

8523 73.5 35.4 42.1 57.5 21.1 26.8 36.4

151 (FR) 102.6 | 100.8 1.8 1.7 1.0 0.7 0.7

156 (FR) 139.8 | 136.5 3.3 2.4 1.9 0.6 0.4
Nylon 66

A3K 91.5 81.0 12.5 13.7 5.8 7.2 7.8

A3X2G5 (FR) 102.6 | 100.8 1.8 1.7 0.4 1.4 1.3

200H (FR) 127.6 | 123.2 4.4 3.4 3.2 0.2 0.2

299X 116.9 | 107.3 9.6 8.2 8.0 0.2 0.2
Nylon 6

Standard 97.0 86.3 10.7 11.0 0.1 10.6 10.9

With nano composite 107.0 76.0 31.0 29.0 6.4 24.1 22.6
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Table A-4-8. Flame Spread Behavior of Plastics (GM 9833P Test)[3]

. Weight Loss (%0) Flame spread
. Ignition - .
Plastic Attempts | Dripping | Burning Distance Rate Observations
(%) (mm/s)
Polypropylene
Profax SB 786 1 11.0 5.2 71 0.93 Flammable, burning drops
Profax 8523 1 27.5 2.4 94 2.48 Flammable, burning drops
151 (FR) 5 0.7 0.7 13 0.08 5 s flaming without dripping
156 (FR) 5 19 20 21 0.12 lI;)rip_ping after 35 seconds with non-
urning drops

Nylon 66
Ultramid A3K 1 7.7 1.3 21 0.73 Flammable, burning drops
Ultramid A3X2G5 (FR) 8 0.0 2.9 4 0.00 Non- flammable, No dripping
200H (FR) 9 0.0 2.5 4 0.00 Non- flammable, No dripping
299X 8 0.5 2.8 9 0.04 Flaming while lighting, No dripping

Nylon 6
Standard 0.5 35 13 0.04 8 drops at second Ignition
With nano composite 2.0 7.0 34 0.17 Flammable, very little dripping
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Table A-4-9. The ASTM E1354 Cone Calorimeter Test Data for Time to Ignition, Burn and Peak Heat Release Rate [8]

Flux (kW/m°)

20 | 35 | 50

20 | 35 | 50

20 | 35 | 50

Time-to-Peak Heat

Description i ime-to-lgniti i
Part p Plastic Time-to-Ignition (s) Burn Time (s) Release Rate (s)
1996 Dodge Caravan
4857041A | Headlight Assembly (clear) | PC NI | 428 | 66 NI | 355 | 403 | 1110 | 523 | 193
5235267AB | Battery Cover PP 155 | 24 8 314 | 152 | 130 | 212 | 75 43
4861057 Resonator Structure PP 149 44 19 546 600 310 265 218 125
53030508 Resonator Intake Tube EPDM Rubber 113 26 14 675 358 210 195 80 68
4678345 Air Ducts PE or PP 90 | 34 | 16 | 446 | 424 | 409 | 193 | 170 | 85
4683264 Brake Fluid Reservoir PP 147 | 57 | 36 | 387 | 449 | 248 | 285 | 165 | 128
4860446 Kick Panel Insulation PVC 52 32 23 586 604 418 194 175 80
4857041A ?;éit?ht Assembly PC NI | 766 | 32 NI | 353 | 314 | 538 | 803 | 165
47163458 Ei;ﬂersound'qeduc“on PS 4 2 1 268 | 222 | 124 | 9 | 104 | 43
4716832B Hood Liner Face PET 18 6 4 60 324 584 232 38 20
4716051 Windshield Wiper Fiberglass/polyester | 15 | g7 | 45 | 341 | 515 | 255 | 223 | 143 | 83
Structure [styrene
1997 Chevrolet Camaro
10296526 | Front Wheel Well Liner | PP, PE 107 | 37 | 18 | 624 | 563 | 532 | 170 | 133 78
10297291 | Air Inlet PP, PE 115 | 39 | 16 | 578 | 444 | 343 | 223 | 145 95
10278015 | Hood Insulator t’:'i?’]'doe”f/ phenolic | 4, 2 2 8 8 8 281 | 22 | 368
52465337 Radiator Inlet/Outlet Tank | Nylon 6,6 306 98 44 1026 574 396 723 238 135
22098787 | Engine Cooling Fan Nylon6 370 | 140 | 34 | 1386 | 1210 | 406 | 715 | 523 | 85
26019594 Eower Steering Fluid Nylon 6,6 NI | 169 | 36 | NI | 605 | 538 | 1116 | 201 | 138
eservolir
10310333 | Windshield Laminate 358 | 106 | 62 | 434 | 301 | 246 | 490 | 195 | 130
52458965 Blower Motor Housing PP 138 46 24 822 372 296 285 159 108
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Table A-4-10. The ASTM E1354 Cone Calorimeter Test Data for the Mass Loss Rate and Heat Release Rate [8]

Part

Description

Flux (kW/m?)

20 | 3 | 50

20 | 35 | 50

Plastic Mass Loss Rate (g/m?-s) | Heat Release Rate (kW/m?)
1996 Dodge Caravan
4857041A Headlight Assembly (clear) | PC 0.1 14.8 16.2 12 431 401
5235267AB | Battery Cover PP 4.3 7.5 8.1 226 324 384
4861057 Resonator Structure PP 7.9 9.4 12.9 354 380 517
53030508 Resonator Intake Tube EPDM Rubber 3.7 6.6 11.7 335 368 599
4678345 Air Ducts PE or PP 6.7 11.3 10.0 460 524 697
4683264 Brake Fluid Reservoir PP 8.9 10.1 13.3 333 526 626
4860446 Kick Panel Insulation PVC 3.9 5.3 4.8 180 213 224
ags7041A | Headlight Assembly PC 01 | 27 | 133 5 158 | 312
(Black)
47163458 Ei;ﬂersound'qeduc“on PS 6.4 | 150 9.3 184 262 307
4716832B Hood Liner Face PET 3.6 4.2 2.7 44 71 83
4716051 Windshield Wiper Structure ;;t’gﬁ;asy polyester/ | ¢ 7 5.7 9.8 212 164 323
1997 Chevrolet Camaro

10296526 Front Wheel Well Liner PP, PE 4.0 4.6 4.8 299 335 526
10297291 Air Inlet PP, PE 6.9 10.7 11.1 418 693 759
10278015 | Hood Insulator t’:'i-‘r/]'(;’erf/ phenolic 0.0 0.0 0.0 13 16 19
52465337 Radiator Inlet/Outlet Tank | Nylon 6,6 5.1 10.4 13.8 197 376 458
22098787 Engine Cooling Fan Nylon6 1.2 4.1 9.3 49 131 294
26019594 Power Steering Fluid Reservoir | Nylon 6,6 0.3 51 9.3 7 216 499
10310333 | Windshield Laminate ;‘;’gr?;a”’ polyester/ | 5 | 46 5.5 % 194 | 269
52458965 Blower Motor Housing PP 4.2 6.9 8.4 214 262 328
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Table A-4-11. The ASTM E1354 Cone Calorimeter Test Data for the Chemical Heat of Combustion and Yields of Smoke
and CO at Various External Heat Flux Values

N . AHch (kJ/g) | ys (9/9) [ Yoo (9/9)
Part Description Plastic Heat Flux (kW/mz)
20 | 3 | 50 | 20 | 3 | 50 | 50
1996 Dodge Caravan
4857041A Headlight Assembly (clear) | PC 66.1 19.5 194 | 0.401 | 0.064 | 0.070 0.050
5235267AB | Battery Cover PP 321 | 361 | 359 | 0.025 | 0.046 | 0.054 | 0.013
4861057 Resonator Structure PP 36.7 | 34.1 | 36.4 | 0.054 | 0.050 | 0.066 | 0.028
53030508 Resonator Intake Tube EPDM Rubber 35.1 27.5 34.7 0.046 0.044 0.055 0.021
4678345 Air Ducts PE or PP 37.0 | 343 | 37.0 | 0.049 | 0.042 | 0.057 | 0.024
4683264 Brake Fluid Reservoir PP 29.1 | 354 | 359 | 0.040 | 0.051 | 0.055 | 0.025
4860446 Kick Panel Insulation PVC 254 | 26.4 | 27.9 | 0.028 | 0.035 | 0.046
4857041A | Headlight Assembly PC 245 | 174 | 194 | 0.253 | 0.042 | 0.072 | 0.054
47163458 Ef:r?]er Sound Reduction | ¢ 244 | 268 | 27.7 | 0.087 | 0103 | 0.116 | 0.052
4716832B Hood Liner Face PET 6.3 115 14.9 0.030 0.004 0.008
4716051 | WVindshield Wiper Fiberglass/polyester | o, 4 | 179 | 210 | 0.070 | 0.057 | 0.076 | 0.036
Structure /styrene
1997 Chevrolet Camaro
10296526 | Front Wheel Well Liner PP,PE 334 | 244 | 352 | 0.029 | 0.026 | 0.037 | 0.031
10297291 | Air Inlet PP,PE 329 | 374 | 357 | 0.029 | 0.041 | 0.054 | 0.021
10278015 | Hood Insulator t’:'i}’l'é)e”f/ phenolic 53 | 1620 | 135 | 0.026 | 0.469 | 0.089 | 0.050
52465337 Radiator Inlet/Outlet Tank | Nylon 6,6 24.7 26.3 25.5 0.028 | 0.027 | 0.030
22098787 Engine Cooling Fan Nylon6 26.7 25.7 25.6 0.017 | 0.020 | 0.018
26019594 | Power Steering Fluid Reservoir | Nylon 6,6 58 | 21.8 | 29.8 | 0.012 | 0.026 | 0.043
10310333 Windshield Laminate 24.1 23.9 24.4 0.019 0.019 0.019
52458965 | Blower Motor Housing PP 327 | 326 | 356 | 0.032 | 0.047 | 0.065 | 0.025
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Table A-4-12 Ignition and Combustion Properties from the ASTM E 1354 Cone Calorimeter Tests
Ignition Combustion
Part Description Plastic CHE (T(S\'/:’ AHq, (9/9)
(kW/m?) md) (kJ/g) | Smoke | CO | HCN | NOy | HCI
1996 Dodge Caravan
4857041A | Headlight Assembly PC 23 200 19.5 0.067 | 0.050
5235267AB | Battery Cover PP 19 100 36.0 0.050 | 0.013
4861057 Resonator Structure PP 11 192 35.7 0.057 | 0.028
53030508 Resonator Intake Tube EPDM Rubber 11 204 324 0.048 | 0.021
4678345 Air Ducts PE or PP 12 189 36.1 0.049 | 0.024
4683264 Brake Fluid Reservoir PP 9 427 335 0.049 | 0.025
4860446 Kick Panel Insulation PVC 15 492 26.6 0.041 | 0.009 0.003
4857041A | Headlight Assembly PC 37 112 20.4 0.057 | 0.054
4716345B | Fender Sound Red foam PS 9 89 26.3 0.102 | 0.052
4716832B | Hood Liner Face PET 14 114 13.2 0.006 | 0.142
4716051 Windshield Wiper Fiberglass/poly 11 381 19.9 0.068 | 0.036
Structure ester/styrene
1997 Chevrolet Camaro
10296526 Front Wheel Well Liner PP,PE 8 220 31.0 |[0.031| 0.031
10297291 Air Inlet PP,PE 10 174 353 |0.041 | 0.021
10278015 | Hood Insulator Nylon6/ 19 39 | 135 |0.089 | 0.050
phenolic binder
52465337 Radiator Inlet/Outlet Tank | Nylon 6,6 18 297 255 [0.028 | 0.013 | 0.005 | 0.015
22098787 Engine Cooling Fan Nylon6 18 172 26.0 | 0.018 | 0.015 | 0.005 | 0.012
26019504 | Hower Steering Fluid Nylon 6,6 21 159 | 258 |0.035| 0.026 | 0.006 | 0.001
Reservoir
10310333 Windshield Laminate 16 238 241 | 0.019 | 0.003
52458965 Blower Motor Housing PP 8 275 33.6 | 0.048 | 0.025
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Table A-4-13. Thermal Behavior and Heat Release Parameter of Plastics from the ASTM

E 1354 Cone Calorimeter Test Data

Part \ Description | Plastic | Behavior | HRP
1996 Dodge Caravan
4857041A Headlight Assembly (clear) PC Softening 9
5235267AB Battery Cover PP Melting 8
4861057 Resonator Structure PP Melting 11
53030508 Resonator Intake Tube EPDM Rubber Charring 12
4678345 Air Ducts PE or PP Melting 15
4683264 Brake Fluid Reservoir PP Melting 14
4860446 Kick Panel Insulation PVC Charring 5
4857041A Headlight Assembly (Black) PC Softening 5
4716345B Fender Sound Reduction foam PS Softening 7
4716832B Hood Liner Face PET Softening @)
4716051 Windshield Wiper Structure Fiberglass/polyester/ Charring 6
styrene
1997 Chevrolet Camaro
10296526 Front Wheel Well Liner PP, E Melting 11
10297291 Air Inlet PP, PE Melting 17
10278015 Hood Insulator t'?'.y'on 6/phenolic | Non- (0.20)
inder melting
52465337 Radiator Inlet/Outlet Tank Nylon 6,6 Softening 10
22098787 Engine Cooling Fan Nylon 6 Non- 5
melting
26019594 Power Steering Fluid Reservoir Nylon 6,6 Softening 8
10310333 Windshield Laminate Polyvinyl butyral Softening 5
52458965 Blower Motor Housing PP Softening 7
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Table A-4-14. Combustion Data from the Tests at 50 kW/m? in Normal Air in the ASTM E 2058 FPA for the Plastics in a

1996 Dodge Caravan Parts (16,17)

Part Plastic Behavior Wr | Residue mg °) (g/m™) Oen
(9) (%) | (g/m*s) | CO | CO, | Hydro | Smoke | (KW/m?)

GJ42SKAD | Nylon 6 Melting 4.4 1.1 8.9 040 | 225 | 0.01 0.66 301
JF48SK5B | PVC Charring 39.1 6.3 21.7 1.42 | 373 | 0.21 3.08 527
PL98SXB8A | PC Softening 25.9 4.2 27.9 1.26 | 44.7 | 0.08 3.29 486
4612512A | PP Melting 17.4 15.7 25.7 1.00 | 66.2 | 0.08 2.09 926
4612512B EPDM Charring 27.4 16.9 9.1 0.60 | 18.0 | 0.01 0.91 242
4674711B PVC Charring 15.9 51.8 15.0 1.05 | 156 | 0.12 1.64 219
4678345B PP Melting 14.7 2.3 31.6 195 | 788 | 0.36 2.86 1110
4680250A | Rubber Charring 10.3 4.6 16.2 0.79 | 29.2 | 0.05 3.34 396
4680250C polyester | Charring 14.9 4.1 17.2 0.53 | 36.3 | 0.03 1.51 488
4683264 PP Melting 14.9 0.0 35.1 352 | 883 | 117 3.35 1254
4707580A | HDPE Melting 15.0 0.0 35.5 395 | 931 | 140 2.52 1341
4716051 SMC Charring 11.0 70.5 14.4 0.61 | 255 | 0.03 2.26 345
4716345B PS Softening 8.8 30.6 17.5 0.64 | 28.1 | 0.07 2.34 381
4716832B PET Softening 10.1 5.3 7.8 0.34 | 9.74 | 0.03 0.75 132
4716895 PP Melting 11.7 1.1 26.7 143 | 77.0 | 0.16 2.35 1078
4716896A | Fibers Non-melting 7.9 67.7 7.5 0.57 | 95 0.01 0.30 128
4734071 PP Softening 11.6 4.3 21.1 0.78 | 54.0 | 0.08 1.73 755
4734370 ABS/PVC | Charring 9.0 1.2 8.7 0.60 | 11.5 | 0.03 1.08 158
4857041A | PC Softening 26.9 5.8 31.9 174 | 51.2 | 0.21 4.75 559
4883140A | PE Melting 31.6 4.0 37.4 234 | 914 | 057 2.04 1296
5235267 PP Melting 15.2 0.1 26.0 164 | 714 | 0.23 2.40 1004
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Table A-4-15 Combustion Data from the Tests at 50 kW/m? in Normal Air in the ASTM E 2058 FPA for the Plastics
in a 1997 Chevrolet Camaro Parts (16,17)

Part Plastic Behavior Wr | Residue mfz ©) (g/m") Do
(9) (%) (g/m*s) | cO | CO, | Hydro | Smoke | (KW/m?%

10231299 | PU Softening 20.8 19.4 33.2 0.83 | 69.87 0.04 2.57 936
10243962 | PP/PE Melting 17.4 0.0 38.0 4.71 | 86.49 2.34 3.25 1191
10246204 | PP/PE Melting 17.9 2.6 33.8 4.22 | 91.95 1.69 3.96 1263
10269100 | ABS Melting 31.7 9.2 22.2 1.29 | 41.30 0.18 3.80 563
10278015 Non-Melting | 1.8 60.0 2.5 051 | 5.71 0.03 77
10278989 | Nylon 6 Softening 25.0 13.8 21.4 0.49 | 46.10 0.04 1.57 618
10284967 Softening 29.1 24.6 23.4 0.61 | 44.81 0.03 2.03 602
10296526 | PP/PE Melting 17.7 0.0 spill 4.55 | 88.57 1.95 3.81 1218
16514312 | PE Melting 16.2 0.0 spill 2.40 | 84.16 0.52 2.76 1144
22098787 | Nylon 6/6 | Non-Melting | 18.3 34.9 17.1 0.42 | 39.74 0.06 0.74 531
52458712 Softening 11.2 36.2 24.2 1.10 | 60.39 0.10 2.38
52458713 | PP Softening 10.2 35.5 23.5 1.12 | 62.34 0.12 2.37 841
52458898 | PP Softening 11.3 35.8 20.1 0.83 | 53.64 0.06 1.97
52458965 | PU Softening 11.1 13.1 24.3 1.18 | 63.90 0.16 2.74 862
52458976 | PU Non-Melting | 13.8 50.2 21.5 0.64 | 40.00 0.03 1.67 539
52465340 | Nylon 6/6 | Non-Melting | 16.8 23.0 15.9 0.51 | 36.36 0.01 1.03 486
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Table A-4-16 Ignition, Flame Spread and Combustion Properties and Behavior from Tests in the ASTM E 2058 FPA for the
Plastics in a 1996 Dodge Caravan Parts (16,17)

Ignition and Flame Spread Combustion

Part Plastic CHF TRP RIS | o i (/) AHe
(KWIm?) | (KW-s"m?) |  (kwW/m)?? ehavior co 1 CO, | AC Tsmoke | (kJ/g)

5J42SK4D Nylon 6 20 154 26 Melting 0.086 2.09 | 0.001 | 0.045 28.8
IFA8SK5B PVC 10 263 15 Charring 0.057 1.72 | 0.005 | 0.109 24.4
PLIBSXBA PC 20 357 11 Softening 0.051 1.86 | 0.002 | 0.105 20.2
1612512A PP 10 277 14 Melting 0.041 2.46 | 0.002 | 0.072 34.6
1612512B EPDM a a a Charring 0.045 251 | 0.001 | 0.100 33.8
A674711B PVC 10 215 18 Charring 0.061 1.26 | 0.006 | 0.070 17.4
1678345B PP 15 230 11 Melting 0.056 2.52 | 0.004 | 0.080 35.5
1680250A NR a a a Charring 0.061 1.87 | 0.003 | 0.130 25.6
1680250C Polyester a a a Charring 0.039 2.17 | 0.002 | 0.087 29.4
4683264 PP a a a Melting 0.058 241 |0.011 | 0.072 33.9
1707580A HDPE a a a Melting 0.064 2.67 |0.012 | 0.058 38.2
4716051 SMC 20 483 8 Charring 0.061 1.86 | 0.003 | 0.100 25.5
4716345B PS 20 146 27 Softening 0.064 1.80 | 0.002 | 0.098 24.6
1716832B PET 10 174 23 Softening 0.041 1.47 | 0.003 | 0.022 20.0
4716895 PP 15 288 13 Melting 0.054 2.45 | 0.002 | 0.065 34.5
1716896A Fibers 15 430 4 Non-melting | 0.098 1.75 | 0.003 | 0.006 18.4
4734071 PP 15 310 12 Softening 0.057 2.49 | 0.002 | 0.060 35.0
4734370 ABS-PVC 19 73 57 Charring 0.089 1.62 | 0.001 | 0.060 22.6
1857041A PC 20 434 9 Softening 0.049 1.67 | 0.004 | 0.113 18.2
1883140A PE 15 454 8 Melting 0.032 2.33 | 0.005 | 0.042 32.7
5235267 PP 15 323 12 Melting 0.045 259 |0.004 | 0.071 36.2
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Table A-4-17. Ignition, Flame Spread and Combustion Properties and Behavior from Tests in the ASTM E 2058 FPA for the
Plastics in a 1997 Chevrolet Camaro Parts (16,17)

Ignition and Flame Spread Combustion

Part Plastic | ~F TRP FRIGIS™)Y | g i (9/9) AHe
kWim?d) | (kW-s"2m?) | (kwW/m)? ShavIor 0 T co, | HC | smoke | (kJ/g)

10231299 | PU 10 204 18 Softening 0.038_| 2.01 | 0.001 | 0.074 | 257
10243962 | PPJPE 15 351 12 Melting 0.087 | 258 | 0.018 | 0.097 | 336
10246204 | PPJPE 10 239 17 Melting 0.071 | 2.76 | 0.013 | 0.119 | 36.0
10269100 | ABS 10 263 12 Melting 0.066 | 1.85 | 0.005 | 0.170 | 19.4
10278015 | Fibers 25 135 . Non-Melting | 0.478 | 0.483 | 0.016 | 0.094 | 58
10278989 | Nylon 6 13 197 17 Softening 0.027 | 211 | 0.001 | 0.072 | 283
10284967 10 310 10 Softening 0.040 | 2.01 | 0.001 | 0.091 | 258
10296526 | PP/PE 15 415 10 Melting 0.080 | 251 | 0017 | 0.108 | 333
16514312 | PE 15 396 11 Melting 0.065 | 259 | 0.007 | 0.085 | 346
22098787 | Nylon 6/6 | 20 359 10 Non-Melting | 0.024 | 2.19 | 0.001 | 0.041 | 27.9
52458712 15 360 10 Softening 0.063 | 2.56 | 0.003 | 0.101 | 324
52458713 | PP 15 329 11 Softening 0.058 | 258 | 0.002 | 0.098 | 326
52458898 | PP 15 379 10 Softening 0.054 | 269 | 0.002 | 0.099 | 30.44
52458965 | PU 15 337 11 Softening 0.065 | 2.68 | 0.003 | 0.115 | 33.9
52458976 | PU 15 369 9 Non-Melting | 0.057 | 2.04 | 0.002 | 0.085 | 25.3
52465340 | Nylon 6/6 | 27 408 9 Non-Melting | 0.039 | 2.11 | 0.001 | 0.060 | 26.6
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Table A-4-18. Ignition, Flame Spread and Combustion Properties and Behavior from Tests in the ASTM E 2058 FPA for the
Replacements Plastics for Vehicle Parts (16,17)

Polypropylene Nylon 66
Characteristics Profax SB | Profax 156 299X 200H Ultramid Ultramid
786 523 (FR) (FR) A3K A3X2G5(FR)
Ignition and Flame Spread Properties
CHF (KW/m?) 10 10 10 18 12 10 10
TRP (kW-s*?/m?) 282 376 350 311 423 239 218
FPI (m/sY)/(kW/m)?? 20 13 13 22 12 27 21
Combustion Behavior and Properties
Behavior Non-melting | Melting Melting Melting Softening | Melting Non-melting
m; (g/m>-s) 8.6 9.0 13.6 11.4 17.5 15.4 7.9
G, (g/m*s) 0.35 0.46 2.5 0.35 2.74 0.64 0.94
G co, (9/m*s) 23.9 23.8 11.7 27.0 16.0 36.8 13.1
G, (g/m?s) 1.1 1.2 3.7 0.71 4.0 0.90 1.2
Q.. (kW/m?) 332 344 185 361 242 491 184
Yeo (9/9) 0.07 0.08 0.20 0.03 0.16 0.06 0.17
Yeoz (9/9) 3.13 2.97 1.00 2.16 1.20 2.21 1.83
Yem (9/0) 0.11 0.12 0.23 0.04 0.18 0.04 0.16
Xiame (M) 500 500 360 500 400 500 360
AH¢, (kJ/g) 39.0 38.6 14.1 27.7 17.1 28.4 24.0
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1.  ASTM D287-92 STANDARD TEST METHOD FOR API GRAVITY' OF FLUIDS

The Test Method is based on the principle that the gravity of a fluid varies directly with the depth
of immersion of a body floating in it [7]. The floating body, which is graduated by API gravity
units, is called an API hydrometer.

A glass hydrometer is used to determine the API gravity of crude petroleum and
petroleum products normally handled as liquids and having a Reid vapor pressure of 26-psi (180
kPa) or less. The API gravity is read by observing the freely floating APl hydrometer in a glass
cylinder filled with the test fluid. The graduations are noted nearest to the apparent intersection
of the horizontal plane surface of the fluid with the vertical scale of the hydrometer, after
temperature equilibrium has been reached. A thermometer measures the fluid temperature.

API gravity is determined at 60 °F (15.56 °C) or converted to the value at 60 °F, by means
of standard tables. The API gravity values of fluids by this Test Method were measured by UEC?
[11].

2. ASTM D1120-94 STANDARD TEST METHOD FOR THE BOILING POINT OF
ENGINE COOLANTS

The Test Method is based on the principle that the equilibrium boiling point indicates the
temperature at which the sample will start to boil in a cooling system under equilibrium
conditions at atmospheric pressure [7]. In the Test Method, 60 mL of the fluid are boiled under
equilibrium conditions at atmospheric pressure in a 100 mL flask attached to a condenser. The
fluid is heated in the flask by an electric mantle and the fluid temperature is measured by a
thermometer. The heating of the mantle is adjusted such that the reflux rate of the boiling fluid is
1 to 2 drop per second and the temperature is recorded. This temperature of the fluid corrected
for the barometric pressure is taken as the boiling point of the fluid. The boiling points of the

engine compartment fluids by this Test Method were measured by UEC [11].

L API gravity is an arbitrary scale calibrated in degree and related to the specific gravity at 15.56/15.56°C (60/60°F)
by the following expression [7]: API specific gravity, deg = (141.5/specific gravity 60/60 °F)-131.5.
2 UEC Fuels and Lubrication Laboratories, Monroeville, PA.
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3. ASTM D86-96 STANDARD TEST METHOD FOR THE DISTILLATION OF
PETROLEUM PRODUCTS [7]

The Test Method is based on the principle that the equilibrium boiling point indicates the
temperature at which the sample will start to boil in a cooling system under equilibrium
conditions at atmospheric pressure. The Method is intended for the distillation of natural
gasoline, motor gasoline, aviation gasoline, aviation turbine fuels, special boiling point spirits,
naphtha, white spirit, kerosene, gas oils, distillate fuel oils, and similar petroleum products.

In the Test Method, 100 mL of the fluid are distilled under prescribed conditions that are
appropriate to the nature of the fluid using a distillation flask attached to a condenser. Systematic
observations of thermometer readings and volumes of condensate are made and are used in the
calculations. For example, thermometer readings are recorded at prescribed percentages of fluid
recovered and/or percentages recovered are recorded at prescribes thermometer readings. The
endpoint or the final boiling point is also recorded. The temperatures are corrected for the
barometric pressures. The data are reported for initial boiling point (Tjp), final boiling point (Tg,)
and percent distillation at various temperatures. Measurements using this Test Method were
made by UEC [11].

4. ASTM D2887-01 STANDARD TEST METHOD FOR BOILING RANGE
DISTRIBUTION OF PETROLEUM FRACTIONS BY GAS
CHROMATOGRAPHY

The Test Method is based on the principle that the boiling range distribution by distillation can
be simulated by the use of a gas chromatograph (GC) [7]. A non-polar packed or open tubular
(capillary) GC column is used to elute the hydrocarbon components of the fluid in order of
increasing boiling point. The column temperature is increased at a reproducible linear rate and
the area under the chromatogram is recorded throughout the analysis. Boiling points are assigned
to the time axis from the calibration curve obtained under the same chromatographic conditions
by analyzing the calibration mixture consisting of hydrocarbons covering the range expected in
the sample. The Test Method utilizes a calibration mixture® that consists of equal masses of n-

hydrocarbons including n-Cs to n-Cy4 in carbon disulfide. At least one compound in the mixture

® Additional calibration mixture that was gravimetrically prepared by mixing paraffins, isoparaffins, aromatics,
naphthalene, and olefins (PIANO) was used in the GM sponsored projects [8].
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has a boiling point lower than the initial boiling point of the fluid. From measured data, the
boiling range distribution is obtained.

In the Test Method, 0.2 to 2.0 pL of the fluid sample are injected into the GC. All the
integrated GC detector responses for each time interval and for the total test time are added. The
temperature for the 0.5 % of the total integrated GC detector responses is used as the initial
boiling point (T;,) of the fluid and the temperature for the 99.5 % of the total integrated GC
detector responses is used as the final boiling point (Tg) of the fluid. Division of the integrated
GC detector responses for each time interval by the integrated GC detector responses for total
test time interval is used to calculate the percent of sample recovered at each time or temperature
interval. Measurements using this Test Method were made by GM [8] and by UEC [11].

5. MODULATED DIFFERENTIAL SCANNING CALORIMETRY (MDSC) FOR THE
VAPORIZATION OF THE ENGINE COMPARTMENT FLUIDS

The Modulated Differential Scanning Calorimeter (MDSC) provides a rapid method for the
determination of enthalpy changes accompanying first order transitions for fluids [10]. The heat
flow associated with vaporization and boiling is recorded and integrated over time. In the Test
Method, a test specimen is heated at a controlled rate in a well-defined environment in a DSC
through the temperature region of vaporization and boiling. From the enthalpy changes,
measurements are made for the boiling point (T) and heat of vaporization (AHy) of the engine
compartment fluids, using a fluid of known T, and AH, values, such as toluene, as an internal
standard.

In the Test Method, a hermitic sealed aluminum pan with pinhole of 0.8-mm in diameter
was used as fluid sample container. A 1.4-mm diameter steel ball on top of the sealed pan was
used as a “valve” for reproducible measurements of the boiling process. The measurements were
made from 15 °C to 520 °C. The heating rate was set to 5 °C/minute and the degree of
modulation was set at + 0.8 °C, every 60 seconds. A five-minute isothermal period preceding and
ending each test was used to establish equilibrium points between sample, baseline, and

reference run.
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6. ASTM D93-97 STANDARD TEST METHOD FOR THE FLASH POINT OF

FLUIDS (PENSKY-MARTENS CLOSED CUP)

The test apparatus is shown in Fig. B-1 [7]. It consists of a closed 54-mm (2.1-in) wide and 56-

mm (2.2-in) deep brass cup heated electrically. The cover of the cup has provisions for

introducing a thermocouple, a stirrer, and a shutter with a pilot flame. The fluid is stirred in the
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Figure B-1-1. ASTM D93-97 Pensky-Martens
closed cup test apparatus for the flash point of fluids

[7].

Global using this Test Method [11].

B-4

cup as it is heated. The
shutter has a control
mechanism to lower the
flame into the vapor
space of the test cup in
0.5 second, keep it in
the lowered position for
one second, and quickly
move it to its upward
position.

The cup has a
marker to fill the cup
with a fixed volume of
fluid. The fluid is heated
to a temperature below
the flash point and a
pilot flame is applied at
a temperature reading
that is a multiple of 5
°C.

The flash points
of the selected engine
compartment fluids

were measured by FM
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7. ASTM E 659-78 STANDARD TEST METHOD FOR THE AUTOIGNITION OF

predetermined temperature, measured by

FLUIDS
In the Test Method, 10-ml of fluid are
Mircor injected into a uniformly heated 500-ml
= glass flask containing air at a
ﬂa:-:ndar E?r::: %_

a thermocouple, located at the center of
the flask, as shown in Fig. B-1-2 [7].

; ’ ; The contents of the flask are observed in

o || W A d/{’! a dark room for 10 minutes following
Round Tus): A ; | -ﬂp;;.w""‘g\ the insertion of the sample or until
m.d@ / - ”.f- ﬂ autoignition occurs. Autoignition is
“"’““"“‘? " 7 ? ?"1 evidenced by the sudden appearance of a
” “ﬂ} flame inside the flask and by a sharp rise

Farnoce M:.,.m,:.,'.m, b / 4 in the temperature of the gas mixture.
The lowest internal flask temperature at

////_ TR ]

,:’K//—-CU_‘M//‘// '“3:? " 1 which hot-flame ignition occurs for a
| series of prescribed sample volumes is

taken to be the hot-flame autoignition

Figure B-1-2. ASTM E659-78 test apparatus  temperature (T,) of the fluid in air at
for the measurement of autoignition

temperature of fluids [7]. atmospheric pressure. This Standard Test

Method was used by UEC to measure the

autoignition temperatures of the selected engine compartment fluids [11].

8. TEST METHOD FOR HOT SURFACE IGNITION

This Test Method was developed by GM to quantify the hot surface ignition temperature for
selected engine compartment fluids [9]. In this Test Method, crucibles and hemispheres were
cast from gray iron using green sand molds. The thickness of both walls of crucibles and the
hemispheres was 13-mm (0.5-in). The crucibles were 38-mm (1.5-in) deep with outside and
inside diameters of 178-mm (7-in) and 152-mm (6-in) respectively. The outside and inside
diameters of the hemispheres were also 178-mm (7-in) and 152-mm (6-in) respectively with
radius of 89-mm (3.5-in).
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Each crucible was heated by an electric 220 V hot plate. Electric power to the crucible was
supplied by a 220-V variable transformer. The inside surface temperature of the crucible was
measured by a 24 gage K-type thermocouple spot welded to the center of the upper surface of the
bottom of each crucible. The outer wall of the crucible was wrapped with a ceramic fiber
insulating material, which in turn was wrapped with aluminum tape to help maintain a constant
and uniform temperature on the upper surface of the bottom of the crucible. The temperature was
monitored continuously and the output power from the transformer was adjusted manually to
control the temperature.

The hemisphere was heated at the bottom by a Meeker burner using a welding grade
mixture of methane, acetylene, and propylene. The hemisphere was supported by a ring attached
to the Meeker burner. The height of the ring was adjusted so that the burner surface was about
13-mm (0.5-in) higher than the lip of the hemisphere. A 30 gage carbon steel trough, located
about 25-mm (1-in) below the lip of the hemisphere, was used to collect the fluid that ran off the
hemisphere. For the surface temperature measurements, a 24-gage K-type thermocouple was
spot-welded to the apex of the hemisphere.

In the tests where crucibles were used, heat was turned on until the target temperature
was achieved and was constant to + 1 °C for a period of 3 to 5 minutes. At this time 25 ml of the
fluid sample were poured directly onto the center of the crucible (where thermocouple was
located) in 2 to 3 seconds. Measurements were made for air temperature, dew point, and
barometric pressure. Ignition of the fluid was defined in terms of the generation and spontaneous
ignition of the fluid vapors within five-minute interval after the fluid was poured into the
crucible. The initial temperature and time for the ignition of the fluid vapors were recorded. Five
or more replicate tests were performed at each temperature to determine the reproducibility of
the data.

After each test, the inner walls and the bottom of the crucible were cleaned. The
thermocouples were detached and the crucibles were placed in a muffle furnace maintained at
600 °C for approximately 60 minutes until residual fluid had charred. The crucibles were
removed from the muffle furnace and allowed to cool. Char was removed by sand blasting using
garnet. A new thermocouple was spot welded at the center of the bottom of the crucible.

In the tests with hemispheres, the Meeker burner was placed under the hemisphere and

the temperature at the apex of the hemisphere was monitored continuously. When the
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temperature was 20 to 25 °C higher than the target temperature, gas supply to the Meeker burner
was turned off and the hemisphere allowed to cool. When the target temperature was reached, 25
ml of the fluid sample were poured directly onto the apex of the hemisphere over a period of a
few seconds. As the fluid was poured, it ran down the sides of the hemisphere into the trough.
Ignition was defined as the spontaneous ignition of the fluid vapors as it was being poured onto
the hemisphere or the residue of the fluid was vaporizing and generating smoke. The initial
temperature and time were recorded at the ignition of the fluid vapors. Five or more replicate
tests were performed at each temperature to determine the reproducibility of the data.

In some tests, a fan was used to produce airflow over the hemisphere. The fan was placed
about 1.5-m (5-ft) from the hemisphere. The height and angle of the fan were adjusted so that the
direction of the airflow was horizontal and impinged directly onto the hemisphere. The airflow
rate was adjusted by the fan speed and the rate measured by an anemometer. In these tests, the
fluid was poured onto the hemisphere slightly upwind of the apex to ensure that the fluid did not
run down the leeward side of the hemisphere.

After each test, the fluid was removed from the trough. The hemisphere was cleaned by
igniting the Meeker burner and heating the hemisphere until the temperature of the thermocouple
at the apex was maintained at > 600 °C for a few minutes. This was sufficient to vaporize and
oxidize residual fluid film on the outer surface of the hemisphere.

9. ASTM D2890-92 STANDARD TEST METHOD FOR CALCULATION OF
LIQUID HEAT CAPACITY OF PETROLEUM DISTILLATE FUELS

For the calculation of the heat capacity of fluids, temperatures are used for 10, 30, 50, 70, and
90% volume percent distilled as measured by the ASTM D86 Test Method and the API gravity
determined by the D287 Test Method or a method of equivalent accuracy are used in the
following relationship [7]:

¢, =[0.6811-0.308G + (0.000815 — 0.000306 G)/ T](0.055K + 35) (B-1-1)

where ¢, is the heat capacity in BTU/Ib-°F; G is the specific gravity (calculated from Eg. B-3-1
Appendix B-3); T is the temperature in °F and K is the Watson characterization factor, which is
calculated from the API gravity and the mean average boiling point.
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In the GM sponsored studies [8], distillation data measured according to the ASTM D2887
Standard Test Method were used. The average mean boiling point (BP,y,) was calculated using
the following equation [8]:

BP,, =3 1,xBP,/} |, (B-1-2)
where 1; is the total ion current for chromatographic segment i, and BP; is the boiling point of the

hydrocarbon eluting in chromatographic segment i.

10. ASTM E 1269-95 STANDARD TEST METHOD FOR DETERMINING SPECIFIC
HEAT CAPACITY BY DIFFERENTIAL SCANNING CALORIMETRY

The heat capacity is determined by heating the sample in a Differential Scanning Calorimeter
(DSC) at a controlled rate through the region of interest [7]. The difference in heat flow into the
sample and a reference material or blank due to energy changes is measured continuously and
used in the calculation of the heat capacity. The occurrence of chemical changes or mass loss on
heating during the measurement may invalidate the test. Thus, the temperature range and sample
holders are chosen carefully to avoid the errors.

In the GM sponsored studies, a Modulated Differential Scanning Calorimeter (MDSC)
was used for the measurement of energy changes [10]. In the tests, a hermitical sealed aluminum
pan with pinhole of 0.8-mm in diameter was used as fluid sample container to eliminate errors
due to vaporization in the pre-boiling region (other information is given in Section 5 of this
Appendix). In the tests, indium and tin were used to calibrate the MDSC for temperature and

sapphire for the heat capacity calibration.

11. ASTM E 681-98 TEST METHOD FOR THE LOWER AND UPPER LIMITS OF
FLAMMABILITY OF FLUIDS

This Test Method uses the apparatus shown in Fig. B-1-3. It consists of a glass test vessel about
5 liters in volume, an insulated chamber equipped with a source of controlled air temperature, an
ignition device with an appropriate power supply, a magnetic stirrer, and a cover equipped with
the necessary operating connections and components.

The vessel is heated to desired temperature. After a period of equilibration, the vessel is
evacuated, and pressure inside the vessel is measured. A measured volume of the fluid is
introduced into the vessel by a hypodermic syringe. The stirring mechanism is activated to

agitate the fluid and produce a large surface area for evaporation. After all the fluid has

B-8



FM Global

Report # 0003018009-3, Volume 111

evaporated, pressure of the fluid vapor is measured. Air is then introduced until the pressure in

the vessel is atmospheric, which is also measured. The fuel concentration is calculated from the

ratios of the pressures of the fluid vapor and its mixture with air.
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Figure B-1-3. ASTM E 681-98 test apparatus for the
measurement of lower and upper flammability limits
for fluids [7].

The high-energy source is activated
for one second and flame
propagation is observed in the test
vessel. Fluid sample volume is
varied to find the minimum sample
volume L; that gives flame
propagation® and the maximum
sample volume L, below L; that
does not give flame propagation.
The difference between L; and L is
a measure of the variability of the
procedure for the sample being
studied. In a similar fashion, the
highest fluid sample volume U; is
determined for flame propagation
and the least volume U, above U,
that will not propagate a flame. The

lower flammability limit (LFL) and

the upper flammability limit (UFL) are then expressed as (Li1+L,)/2 and (U;+U,)/2 respectively.

The Test Method is limited to an initial pressure of 101 kPa (1 atm) or less with a

practical lower pressure limit of approximately 13.3 kPa (100 —mm Hg). The maximum

operating temperature of this equipment is approximately 150 °C (302 °F), although tests can be

4 Propagation of flame is defined in the test as the upward and outward movement of the flame front from the
ignition source to the vessel walls or at least to within 13-mm (0.5-in) of the wall, which is determined by visual
observations [7]. By outward, it is meant a flame front that has a horizontal component to the movement away from

the ignition source [7].
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performed up to 280 °C (536 °F). The LFL and UFL values for the engine compartment fluids
were measured by Chilworth [11].

12. ASTM D240-92 TEST METHOD FOR THE HEAT OF COMPLETE
COMBUSTION OF FLUIDS

The Test Method is used to measure gross heat of complete combustion, defined as the quantity
of energy released when a unit mass of fuel is burned in a constant volume enclosure, with
products being gaseous, other than water that is condensed to the liquid state [7]. The sample is
weighed and then burned in an oxygen bomb calorimeter under controlled environment. The
calorimeter has an internal volume of 350 ml, is completely enclosed within a stirred water
jacket with sides, top, and bottom approximately 10-mm from the jacket wall. The controlled
environment consists of 100 % oxygen at 3.0-Mpa (30 atmospheres) at room temperature. The
mass of the fluid sample used is equivalent to 0.9 to 1.1 g of benzoic acid. The gross heat of
complete combustion is computed from the temperature before, during, and after combustion
with proper allowance for the thermo-chemical and heat transfer corrections.

The measured gross heat of complete combustion is used to determine the net heat of
complete combustion defined as the quantity of energy released when a unit mass of fuel is
burned at constant pressure, with all the products, including water, being gaseous®. Maxwell [24]
has listed both gross and net heat of complete combustion for hydrocarbons, alcohols, glycols
and glycerols, ethers, aldehydes, and ketones. Maxwell’s data show that the net heat of complete
combustion = 0.9274 x gross heat of complete combustion with a standard deviation of 0.0438.

The gross heat of complete combustion was measured by FM Global using this Standard
Test Method [11].

13. ASTM E2058 STANDARD TEST METHOD FOR THE MEASUREMENT OF
SYNTHETIC POLYMER FLAMMABILITY USING A FIRE PROPAGATION
APPARATUS (FPA)

The Test Apparatus is shown in Fig. B-1-4 [7]. This Standard Test Method was modified for the
quantification of the fire properties of the engine compartment fluids. The engine compartment

fluids were burned in a wick-like configuration to eliminate preferential distillation and early

® If the percentage of hydrogen atoms in the sample is known: net heat of complete combustion in MJ/kg = gross heat of
complete combustion in MJ/kg — 0.2122 x mass percent of hydrogen atoms, where heats of combustion are in MJ/kg [7]. If
the percentage of hydrogen atoms in aviation gasoline and turbine fuel samples is not known: net heat complete of
complete combustion in MJ/kg = 10. 025 + (0.7195) x gross heat of combustion in MJ/kg [7].
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combustion of low boiling point components. Furthermore, a much longer steady state burning

period was available in the wick-like configuration that enhanced the accuracy of the fire

property quantifications. The wick-like configuration consisted of a burlap cloth cylinder with a
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Figure B-1-4. The ASTM E-2058 Fire
Propagation Apparatus [7].

diameter of about 70-mm (2.6-in) and a height
of about 50-mm (2-in). The burlap cloth was
50-mm (2-in) wide, 1.8-m (70-in) long and
1.5-mm (0.06-in) thick. It was washed with
distilled water and dried before using it as a
wick. The burlap wick was placed tightly
inside a Pyrex dish that was 70-mm (2.6-in) in
diameter and 50-mm (2-in) in height as shown
in Fig. B-1-5. Each fluid was burned in a
freshly washed and dried burlap cloth
cylinder. The wick cylinder was discarded
after every test.

In each test, the washed and dried
burlap-cloth-wick cylinder in the Pyrex dish
was soaked with 100 ml of the fluid by
pouring it slowly on top of the cylinder such
that the burlap-cloth-cylinder was soaked as
uniformly as possible and there was no run
off. A pipette was used to measure the fluid
volume. The weights of the soaked and un-

soaked burlap-cloth-wick cylinder in the

Pyrex dish were measured and the weight of the fluid was calculated from the difference. The

density each fluid was calculated from its weight and volume.
The fluid-soaked burlap cloth wick in the Pyrex dish was placed in the ASTM E2058

Apparatus at the location marked sample. The quartz tube was placed around the sample, inlet

airflow and sampling duct exhaust flows were turned on, and a match was used to ignite the fluid

soaked burlap-cloth-wick. No external heat flux was used in the tests. The fluids burned for a

minimum of 300 seconds at the steady state, which was a sufficient time for measurements.
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The fluid-soaked wick was burned under well-ventilated conditions (volumetric flow rate of 2.9
x 10-3 m3/s). In each test, measurements were made for the release rates of vapors and heat, and

generation rates of products. Heptane and methanol were used as reference fluids.
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Figure B-1-5. Fluid soaked burlap cloth cylindrical
wick inside a Pyrex dish.
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1. FLUID FLAMMABILITY

Ignition process is a vapor-phase combustion reaction with the evolution of heat and emission of
light that may or may not be visible to the naked eye [4]. The ease with which vapors can be
produced by heating a fluid is known as its volatility'. A fluid is considered highly volatile if its
vapor pressure at a given temperature is high (i.e. Tp at a given pressure is low). Figure B-2-1
shows a relationship between the vapor pressure (Py) and the fluid temperature. The fluid vapor
pressure increases with increase in the fluid temperature. At fluid temperature T, a lean limit
mixture is formed which is defined as the lean limit of flammability or lower flammability limit
(LFL)* [3]. Tv is related to the flash point (Tgasn) of the fluid. With further increase in the fluid
temperature, the fluid reaches the fire point, Ty, Where fluid vapor-air mixture ignites if a pilot

flame is present. In the absence

t: TRIPLE POINT

C: CRITICAL POINT of a pilot flame, the fluid

¢ temperature continues to

increase reaching the

RICH LIMIT, r autoignition temperature (T, or

//% //‘/ AIT) and the fluid vapor-air
i : - : :

/ //,%% 7 mixture ignites without a pilot

FLAMMABLEZZ; flame. For the fluid temperature
MIXTURES 7] _ o
00 > T, the fluid vapor-air mixture

VAPOR PRESSURE P,

remains flammable until the rich

limit of flammability or the

upper flammability limit (UFL)’

A m——————

L a is reached, beyond which the

Figure B-2-1. Relationship between the vapor pressure .
mixture becomes non-

and temperature for a fluid. Figure is taken from Ref. 3. flammable due to highly fuel

rich conditions [3].

! The volatility (distillation) characteristics of fluids often have an important effect on their safety and performance,
especially for fuels and solvents, for example creation of potentially explosive vapors. It is also important in
affecting starting, warm-up and tendency to vapor lock at high engine operating temperatures and/or at high altitude
and formation of solid combustion deposits.

% LFL is defined as the lowest volume percent of the fluid vapor in the mixture with air that will barely support
flame spread away from the pilot flame [2,3].
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The LFL value of a fluid depends on the temperature of the environment, as indicated by the
following relationship [4]:

LFL,/LFL, =1-(0.75/LFL ,,AH;)(T - 25°) (B-2-1)
where LFLt and LFLs5 are the lower flammability limits in volume percents at temperatures T
and 25 °C respectively, AHt is the net heat of complete combustion (kcal/mol) and 0.75 is
essentially a molar heat capacity constant x 100.

If the heat release LFL2s x AH1/100 can be assumed to be constant, as it is for many
hydrocarbons, the LFL value would decrease linearly with increasing temperature and converge
at some limit temperature which corresponds to zero concentration (LFL = 0) [4]. For
hydrocarbons, this limit temperature is about 1300 °C [4]. An ideal value of Tyash for a fluid can
be calculated from Eq. B-2-1 using its LFLys value and its vapor pressure-temperature
relationship [4].

An expression similar to Eq. B-2-1 also exists for the UFL values of fluids at various
temperatures [4]. However, the relationship is somewhat unreliable because of the presence of
cool flames, soot formation, or other incomplete combustion modes associated with fuel-rich

flames [4].

2. Flash Point

The measured Py and Tash values for variety of fluids and gases suggest the following trends

[4].

2.1 Saturated hydrocarbons

1) Normal alkanes with more than eight carbon atoms (above octane) do not form flammable
vapor-air mixtures below 30 °C and atmospheric pressure;

2) Chain branching increases the volatility and decreases the Tash value;

3) Triash values of paraffin series increase with increasing value of the molecular weight (M) of
the fluid, whereas the corresponding vapor pressures and LFL vary inversely. Following

relationships have been developed for predicting the Trash values in °C for normal paraffins [4]:

3 UFL is defined as the highest volume percent of the fluid vapor in the mixture with air that will barely support
flame spread away from the pilot flame [2,3].
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o +273.7)° = 7417/ P, (B-2-2)
+273.7)% =77,291(1/ LFL ,) - 3,365

(T;
(T;
(T;

lash

where n is the number of carbon atoms.

2.2 Other Liquids and Gases

1) As with paraffins, Trash values for each homologues series generally increase with increasing
number of carbon atoms and decrease with chain branching;

2) Correlations with carbon atoms and heats of combustion are practically linear for certain
normal alkyl compounds (paraffins, cyclohexanes, ketones, alcohols, acetates) and alkyl
benzenes but not for their isomers;

3) Functional groups have a large and varied effect on the Trash values, such as

For Butane Tash (°C) For Benzene Thash (°C)
CsHyo -74 CeHs -11
C4HoNH, -12 CeH;5Cl 29
C4HoCl -9 Ce¢HsBr 51
CsH,CHO -7 CsHyCl, 66
C;HySH 2 Ce¢HsNH; 70
C4HoBr 18 Ce¢HsOH 79
C4HyOH 29 C¢HsNO, 88
CsH,COOH 72

Effects of any functional group on Tgash values depend on the changes produced in both
volatility and on LFL values. In general, the Tfasn values of such hydrocarbon derivatives are

noticeably greater compared to their parent hydrocarbons.

2.3 Blends of Fluids

1) Predictions for the Trash values are complex and depend on the deviations from ideal mixture
laws. Anomalous behaviors occur with dissimilar molecular species, such as mixture of
hydrocarbons and halogenated, oxygenated, or nitrated hydrocarbon;

2) Trash values for many solvent blends are often lower than expected because of polarity,

hydrogen bonding, or solubility parameter differences;
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3) Ttiash values of the mixtures are affected strongly by the component that has the highest
volatility. In cases where a highly volatile component is present in only small concentrations as
an additive or contaminant, the Tfash values are subject to the evaporative history of the mixture.
Depending on the evaporation period, the Tgash values may be overestimated when the volatile
additive is nonflammable and underestimated when the additive is more flammable than the

main fluid components.

2.4 Flammability Limit

The measured LFL and UFL values for variety of gases and fluids suggest the following trends
[4].
2.4.1 Saturated Hydrocarbons and Derivates
1) For the lowest member of the paraffin series (methane), the LFL value is 5% and the UFL
value is 15%;
2) For most homologues series (such as normal paraffins and their corresponding alcohols,
aldehydes, amines and chlorides), LFL and UFL values decrease with increase in the M value
and in the number of carbon atoms (n);
3) On a weight basis, the LFL values for most saturated hydrocarbons are about 45 + 5 mg per
liter of air at standard conditions (0°C and 1 atmosphere), whereas the UFL values typically fall
between 200 and 400 mg per liter, excluding methane;
4) Following correlations have been developed to predict the LFL and UFL values in volume
percent:

LFL,. 055C;

UFL, 4.8CY?%;

st
1/LFL, = 0.1347 n +0.04353;
1/UFL,, = 0.01337 n +0.05151;
LFL,/LFL, =1-0.000721(T - 25°);

UFL, /UFL ,, = 1+0.000721(T - 25°)

(B-2-3)

where Cs; is the concentration of the fluid in volume percent for stoichiometric combustion to
CO; and H,O. The correlations are reliable for the normal paraffins (n-alkanes) and many of
their isomeric, cyclic, and substituted derivates. Corresponding correlations to predict UFL 5 are

less reliable.
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2.4.2 Unsaturated Hydrocarbons, Aromatics, and Derivates

1) Main classes of unsaturated hydrocarbons are alkenes (olefins) and alkynes (acetylenes);

2) The LFL and UFL values decrease with increasing number of carbon atoms, similar to the
alkanes series, but tend to be wider because of the higher upper limits;

3) Alkynes present a greater flammability hazard than alkenes because of their greater thermal
instability and ability to form decomposition flames with or without air;

4) Aromatic hydrocarbons have flammability limits that are comparable to or narrower than the
values for their paraffin homologues with the same number of carbon atoms.

2.4.3 Inorganics

1) Some inorganics, such as hydrogen and CO, have much wider flammability limits in ambient
air than the saturated and unsaturated hydrocarbons, excluding those of high thermal instability
such as acetylenes. The flammability range for H» is 4.0 to 75% and for CO it is 12.5 to 74% in
air at 25 °C and atmospheric pressure;

2) Amongst the nitrogen containing inorganics, hydrazine has the widest flammability range

(4.7 to 100%) in air and ammonia the narrowest (15 to 28%).

2.5 Ignition and Flammability Properties

Values of Ttash, TL, Tire, Ta (AlT) and Ty, for gases and fluids are interrelated. For example, the
Triash value is related to the T value for piloted ignition [3]. The definition of Trie is very
similar to the definition of Trash, except that at Trire value, flame does not merely flash or cease
but becomes self sustained and burning is continued. The definition of T, (AlT) is similar to the
definition of Trire, €xcept that T, value occurs at higher fluid temperature, where the fluid ignites
by itself.

The values of Trash and Ty, for gases and liquids correlate since they are governed largely
by the same phenomenon, i.e., volatility. Hot surface ignition is affected both by the chemical
reactivity and by the volatility of the fluid [12]. In an enclosed volume, hot surface ignition
temperature of a fluid is similar to the T, value of the fluid [12]. This condition, however, is rare
and generally, the hot surface ignition temperature is 200 °C above the T, value of the fluid [12].

The LFL values of liquids and gases have been correlated with their heat of vaporization

(AHy), Tsiash, and Ty, values, following the Clausius-Clapeyron relationship [3]:

IN(L/ LFL) 2[8H, /(R/M)T,TI(T, = Ty )/ Ty ] (B-2-4)
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where R is the universal gas constant (8.314 J/mole-K). For many non-polar fluids,

AH, /(R/M)T, is approximately constant with an average value 10.18 (Trouton’s Rule) [3]. In

general, the LFL values measured in the experiments are less than the values calculated from Eq.
4 [3]. The reasons for this discrepancy is suggested to be due to [3]: 1) dependency of the
relationship in Eq. 4 on the transient convective-diffusion process that plays a crucial role in
determining the Trash values, and 2) empirical nature of LFL with no quantitative knowledge of
its dependency on the fundamental properties of the system. The Trouton’s Rule provides a
relationship to calculate the M values of the fluids from their Ty and AH,, values [3]:

M=10.18R(T,/AH,) =84.64(T,/AH,) (B-2-5)
Data for variety of liquids and gases from Ref. 3 suggest that the value of the constant on the
right hand of Eq. 5 is slightly higher (92.39 rather than 84.64).

Measurements for the retention times, tg, of the components in fluids by a gas
chromatograph (GC)* also provides a methodology to calculate the M and Ty values of the
fluids, using the following relationships [8]:

1) Molecular Weight (M):

M = 50.4041+ 3.4883t, —0.0115t% + 0.0007t} (5.57 <tg <57.35) (B-2-6)

M =1948.3117 - 95.3008t, +1.6912t2 - 0.0091t> (57.35 <tr <77.72) (B-2-7)

2) Boiling Point (Ty):

T, = -39.1444+12.2042t . - 0.1708t% (5.57 <tgr < 12.67) (B-2-8)
T, = 3.0369+ 6.7120t , (12.67 < tg < 67.20) (B-2-9)
T, = -182.6782+11.9363t, — 0.0108t — 0.000038t% (67.20 < tr < 90) (B-2-10)

2.6 Combustion of Gases and Liquids

The ignition process is followed by the combustion process. The fluid vaporization and

combustion continues as long as the heat continues to be transferred from the flame of the

* GC has also been used in ASTM standard test methods (such as ASTM D 2887-01 [7] for the simulation of fluid
distillation and for the boiling point determination. For such an application, the GC is calibrated by fluid mixtures,
such as n-alkanes (Cs through C,4) and by a gravimetrically prepared mixture of paraffins, isoparaffins, aromatics,
naphthenes and olefins (PIANO) [8].
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burning fluid vapors and/or external heat sources and there is fluid to vaporize. The release rates

of fluid vapors and heat and the generation rates of the combustion products satisfy the following

relationships [5, 13, 14, 15, 18]:

m, = ¢, /AHv (B-2-11)
Q; = AH.m; (B-2-12)
Q; =(AH,/AH,)q;, (B-2-13)
G| =y, m; (B-2-14)
Gj =(y;/bH,)q, (B-2-15)
4y = G +d. -0, (B-2-16)
Th
AH, = JcpdT+ E, (B-2-17)

where mf is the mass release rate of fluid vapors (g/m’-s); qn is the net heat flux (kW/m?); AH,
is the heat of vaporization of the fluid (kJ/g); QI is the heat release rate (kW/m®); subscript i is

the total, chemical, convective or radiative component of the heat release rate; AH; is the net heat

of complete combustion, chemical heat of combustion, convective heat of combustion, or

radiative heat of combustion (kJ/g); GJ is the release rate of product j (g/m*-s); yj is the yield of

product j (g of product/g of fluid vapors); qf is the flame heat flux (kW/m?); q. is the external

heat flux (kW/m?); q'r'r is the surface re-radiation loss (kW/m?); Ty is the ambient temperature
(K); Ty 1s the boiling point (K), c, is the heat capacity (kJ/g-K), and E, is the vaporization
energy of the fluid (kJ/g).

2.6.1 Large Pool Fires of Fluids

Pool fires of fluids have been investigated in many studies [5, 6, 13-19]. The release rates of
fluid vapors, heat and products depend on the mode of heat transfer from the flame to the fluid,
which is governed by the pool size. There are three modes of heat transfer from the flame:
conduction, convection, and radiation [14-16]. Heat transfer by conduction, a major mode of heat

transfer for the combustion of fluids in very small pool diameters (about 0.004-m to about 0.030-
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m), is through the pool rim (the edge effect) and is associated with the condensed-phase
transformation [14-16]. In this pool diameter range, release rate of fluid vapors decreases with
increase in the pool diameter.

Heat transfer by convection, a major mode of heat transfer for pool fires with moderate pool
diameters, in the range of about 0.030-m to 0.20-m, is driven by the flow movements induced in
the surroundings [14-16]. It occurs at all stages, but is of particular importance at the early stages
of fire growth, when flame is small and the radiative contribution is low. In this range, release
rate of fluid vapors is almost independent of the pool diameter [14-16].

For pool diameter > 0.25-m, radiative heat transfer contribution increases with pool
diameter [14-16]. For example, convective heat transfer from the flame to the pool surface
decreases from about 54 to 5 % as pool diameter increases from about 0.15-m to 0.50-m. Release
rate of fluid vapors increases rapidly with increase in the pool diameter in this range.

For pool diameters > 1-m, radiative heat transfer to the pool surface becomes the
dominant mode of heat transfer in controlling the release rate of fluid vapors [14-16]. However,
the radiative heat transfer to the pool surface is attenuated by the presence of cool, fuel-rich
region near the pool surface’. The attenuation of the radiative heat transfer increases with pool
diameter. Thus, for the pool diameter in the range of about 0.5-m to 3-m, release rate of fluid

vapors reaches its limit and decreases for diameters beyond about 3-m [14-16].

2.6.1.1 Release Rates of Fluid Vapors and Heat in Large Pool Fires
Examples of the mf values measured in large pool fires of fluids [13,16-19] are listed in Table

B-2-1. The AH, values of the fluids from the literature are also included in the table along with

the estimated q'r;values from Eq. B-2-11. The estimated q'r']values are approximately constant

with an average of 33 kW/m?® and a standard deviation of 5 kW/m®, suggesting that in large pool

fires, qn values are weakly dependent on the generic nature of the fluids. Equations B-2-11, B-

2-13 and B-2-15 suggest the following relationships for constant qn value (approximately equal

to 33 kW/m?) for large pool fires:

> This phenomenon is called radiative energy blockage [16].
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Tb
m, =33/AH, = 33/(AH, + Jcp dT) (B-2-18)

0

Table B-2-1. Heat of Vaporization, Release Rate of Fluid Vapors, and Estimated Net Flame
Heat Flux for the Combustion of Fluids in Large Pool Fires

: m; (g/m’-s) d,
Fluid AH, (kJ/g) d (m) T3] 17 18] 107 (KW/m?)

1.6 81 40

Heptane 0.493 24 79 39

1.2-10 75 37

3 79 38

Hexane 0.481 0.75-10 77 37

Octane 0.550 1.0 69 38

Dodecane 0.770 0.94 36 28

Benzene 0.543 0.75-6.0 81 88 44

1.0 68 35

Toluene 0.513 16 7 3

1.22 67 34

Xylene 0.503 5.4 60 86 38

22.3 62 31

Kerosine 0.446 30-50 65 29

3 60 30

Gasoline 0.500 5.4 70 35

22.3 62 31

JP-4 0.500 1.0-5.3 67 34

JP-5 0.500 0.60-17 75 38

Transformer | ) g7, 237 27 24
fluids

Methanol 0.960 1.2-2.4 25 24 27

Ethanol 1.00 5.0 30 30

Acetone 0.632 1.52 38 24

0.3 23 20

Toluene 1.0 34 30

diisocyanate 0.870 1.5 39 34

2.0 33 29

1.0 36 36

Adiponitrile | 1.00 1.5 35 35

2.0 30 30

Acetonitrile | 0.571 0.7 63 36

1.0 58 33

Average 33
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- m; (g/m*s) q.
Fluid AH, (kJ/ d(m f n
(kJ9) ) (3] [ (71 [ (181 ] [191 | (kwim?)
Standard Deviation 5
Q; =33(AH,/AH,) (B-2-19)
G, =33(y,/AH,) (B-2-20)

The Q, and GJ values can be calculated from Eqgs. B-2-19 and B-2-20, using data reported in the

literature for the thermophysical and fire properties of fluids to obtain the AHi/AH, and y;/AH,
values [13]. The ratio AHi/AH, is defined as the Thermal Response Parameter (HRP) of a fluid
[13]. Selected values of HRP calculated from the literature data are listed in Table B-2-2 along
with Q values calculated from Eq. B-2-19. These Q values are the maximum possible rates
expected for these fluids in large-scale pool fires, however, further increase in the pool diameter
for very large pool fires, Q. values decrease due to radiative energy blockage and combustion
inefficiency [14, 16, 17, 20].

The dependency of pool fires on the thermophysical and fire properties can be
enumerated further, by substituting the relationship for AH, from Eq. B-2-5 into Egs. B-2-18, B-
2-19, and B-2-20 and rearranging:

T

1/m; =256 (T, /M) + 0.0301[cp dT (B-2-21)
. Ty

1/Q; =(1/AH,)[2.56(T, /M) + 0.030 Jcp dT] (B-2-22)
. Tb

1/Gj = (1/y,)[2.56(T, /M) + 0.030 Jcp dT] (B-2-23)

These relationships suggest that in large pool fires where qn is approximately constant (= 33

kW/m?), the release rates of fluid vapors and heat and generation rates of products are governed

by the M, Ty, cp, AH/AH, and y;/AH, values of the fluids and the ambient temperature.
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2.6.2 Heats of Combustion and Yields of CO and Smoke for Gases and Liquids

For variety of gases and liquids, data are available in the literature for heats of combustion
(AHc¢n, net heat of complete combustion, AHy, radiative heat of combustion, AHyq, and
convective heat of combustion, AH¢on) and yields of CO and smoke (Y¢o and Ysmoke) [13]. These
values are listed in Tables B-2-3 to B-2-8. From these data, following correlations have been
developed between the AH; and M values of the fluids [13]:

AH, =h, £ m,/M (B-2-24)

y;=a; £ b;/M (B-2-25)
where h; is the mass coefficient for the heat of combustion (kJ/g), m; is the molar coefficient for

the heat of combustion (kJ/mole), a; is the mass coefficient for the product yield (g/g) and bj is

molar coefficient for the product yield (g/mole).

Table B-2-2. Composition, Molecular Weight, Heat Release Parameter and Estimated Heat
Release Rate for Large Pool Fires of Fluids

. . M HRP o nb
Fluid Composition (a/mole) (kIIKD) Q. (kW/m?)
Gasoline-1 a a 85 2805
Hexane-2 CeHi4 86 83 2739
Heptane-3 CsHis 100 75 2475
Octane-4 CsHis 114 68 2244
Nonane CoHyg 128 64 2112
Decane-5 CioH2 142 59 1947
\Undecane Ci11Hp4 156 55 1815
Dodecane-6 Ci2Hys 170 52 1716
Tridecane Ci3Hag 184 50 1650
Kerosine-7 Ci14H30 198 47 1551
Hexadecane Ci¢Hsg 226 44 1452
Mineral 0il-8 a 466 72 2376
Motor oil a a 62 2046
Corn Oil-9 a a 54 1782
Benzene-10 CeHs 78 75 2475
Toluene C/Hg 92 82 2706
Xylene CsHio 106 67 2211
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Methanol-11 CH,0O 32 19 627

Ethanol-12 C,HgO 46 33 1089
Propanol Cs;HsO 60 46 1518
Butanol C4H,00 74 58 1914

a: these fluids are complex mixtures with variable chemical compositions, manufacturer, origin,
and others; b: estimated from Eq. 13, Chapter III.

The values of hj, m;, a; and b; have been published in the literature [13]. The values of the
parameters depend on the chemical structure of the fluids; values of m; and b; become negative if
oxygen, nitrogen, and sulfur atoms are present in the chemical structures of the fluids. For fluids
with high M values, AH; and y; values become approximately equal to he, and a; respectively

and do not vary with further increase in M value.
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Table B-2-3. Thermophysical Properties of Saturated Aliphatic Hydrocarbons

Fluid Composition M Sp gr Ty S Cat Tiash Ta | cp (kJ/kg-K) | LFL | UFL
C H |(g/mole) (°C) | (g/g) | (%) | (°C) | (°C) [Liquid|Vapor| (%) | (%)

Ethane 2 6 30 1.04 | -89 | 16.0 | 5.65 [ -135 | 515 1.75 | 3.0 | 124
Propane 3 8 44 1.52 | -42 | 15.6 | 4.02 | -104 | 450 1.65 | 2.1 9.5
Butane 4 10 58 2.01 | -0.5] 154 | 3.12 -74 | 370 1.68 | 1.8 8.4
Pentane 5 12 72 249 | 36 | 153 | 2.55 -49 | 260 1.67 | 14 7.8
Hexane 6 14 86 298 | 69 | 152 | 2.16 23 [2251 227 | 1.66 | 1.2 7.4
Heptane 7 16 100 | 3.46 | 98 | 15.1 | 1.87 -3 225 1 225 1 1.66 | 1.1 6.7
Octane 8 18 114 | 3.94 | 126 | 15.1 | 1.65 14 220 | 2.23 | 1.66 | 0.95 | 6.5
Nonane 9 20 128 | 4.43 | 151 | 15.0 | 1.47 31 205 | 2.22 | 1.65 | 0.85
Decane 10 22 142 | 491 | 174 | 15.0 | 1.33 46 210 | 222 | 1.65 ] 0.75 | 5.6
Undecane 11 24 156 15.0 2.21 | 1.65
Dodecane 12 26 170 | 588 [ 215 ] 149 | 1.12 74 204 | 2.21 | 1.65 | 0.60
Tridecane 13 28 184 14.9 221 | 1.65
Tetradecane 14 30 198 | 6.85 [ 253 | 149 | 0.97 107 | 200 | 2.21 | 1.65 | 0.50
Hexadecane 16 34 226 | 7.82 | 287 | 149 | 0.85 126 [ 205 | 2.22 | 1.65 | 0.43
Methylbutane 5 12 72 249 | 28 | 153 | 2.55 | <50 [ 420 | 229 | 1.66 | 14 7.6
Dimethyl-butane 6 14 86 3.0 50 | 152 | 2.16 -48 | 425 ] 2.19 | 1.63 1.2 7.0
Methyl-pentane 6 14 86 3.0 60 | 152 | 2.16 306 | 2.22 | 1.66 | 1.2 7.0
Dimethyl-pentane 7 16 100 3.5 90 | 15.1 | 1.87 335 | 2.21 [ 1.66 | 1.1 6.8
Isooctane 8 18 114 3.9 99 | 15.1 | 1.65 -12 | 415 095 | 6.0
Ethylhexane 8 18 114 15.1
Dimethyl-hexane 8 18 114 15.1 1.65
Cyclopentane 5 10 70 242 | 49 | 147 | 2.72 380 | 1.76 | 1.08 1.5
Methylcyclopentane 6 12 84 14.7 1.89 | 1.31
Cyclohexane 6 12 84 291 | 81 | 14.7 | 2.27 20 [ 245 1.81 | 1.27 | 1.3 7.8
Methylcyclohexane 7 14 98 339 | 101 | 14.7 | 1.96 -4 250 | 1.89 | 1.38 | 1.1 6.7
Ethylcyclohexane 8 16 112 1.71 | 132 | 14.7 | 1.71 35 280 | 1.87 | 1.42 | 095 | 6.6
Dimethylcyclo hexane 8 16 112 14.7 1.88 | 1.40
Cyclooctane 8 16 112 14.7
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Table B-2-4. Combustion Properties of Saturated Aliphatic Hydrocarbons

F|Uid C H M AHv ‘ AHT ‘ AHch | AHcon ‘ AHrad yCOZ ‘ yCO | ysm
(g/mole) kJ/g 9/g
Normal Alkanes
Ethane 2 | 6 30 0489 | 47.1 | 457 | 341 | 11.6 | 2.82 | 0.001 | 0.013
Propane 3] 8 44 0426 | 46.0 | 437 | 312 | 125 | 2.85 | 0.005 | 0.024
Butane 4 |10 58 0386 | 454 | 42.6 | 296 | 13.0 | 2.81 | 0.007 | 0.029
Pentane 512 7 0365 | 450 | 42.0 | 287 | 133 | 2.85 | 0.008 | 0.033
Hexane 6 | 14 86 0365 | 448 | 415 | 281 | 13.4 | 2.83 | 0.009 | 0.035
Heptane 7 116| 100 | 0365 | 446 | 412 | 276 | 13.6 | 2.83 | 0.010 | 0.037
Octane 8 [ 18| 114 | 0298 | 445 | 41.0 | 273 | 137 | 2.84 | 0.010 | 0.038
Nonane 9 |20 128 | 0288 | 444 | 408 | 270 | 138 | 2.84 | 0.011 | 0.039
Decane 1022 142 | 0360 | 443 | 407 | 268 | 13.9 | 2.84 | 0.011 | 0.040
Undecane 11|24 156 | 0308 | 443 | 405 | 26.6 | 13.9 | 2.82 | 0.011 | 0.040
Dodecane 12126 170 | 0293 | 442 | 404 | 264 | 140 | 284 | 0.011 | 0.041
Tridecane 13128 184 | 0295 | 442 | 403 | 263 | 140 | 283 | 0.012 | 0.041
Tetradecane | 14 | 30 | 198 | 0291 | 44.1 | 403 | 262 | 141 | 2.83 | 0.012 | 0.042
Hexadecane | 16 | 34 | 226 | 0285 | 44.1 | 40.1 | 26.0 | 141 | 281 | 0.012 | 0.042
Substituted Alkanes

Methyl 5112 7 0376 | 45.0 | 409 | 272 | 137 | 2.77 | 0.012 | 0.042
butane
Dimethyl 6 | 14 86 0354 | 44.8 | 403 | 263 | 14.0 | 275 | 0.014 | 0.046
butane
Methyl 6 | 14 86 0373 | 44.8 | 403 | 263 | 14.0 | 2.75 | 0.014 | 0.046
pentane
Dimethyl 7 1 16 100 | 0339 | 44.6 | 399 | 257 | 142 | 274 | 0.015 | 0.049
pentane
Methyl 7 116| 100 | 0360 | 44.6 | 399 | 257 | 142 | 2.76 | 0.015 | 0.049
hexane
Isooctane 8 [ 18] 114 | 0208 | 445 | 396 | 253 | 143 | 274 | 0.016 | 0.052
Methylethyl | ¢ | ¢ 114 | 0331 | 445 | 396 | 253 | 143 | 274 | 0.016 | 0.052
pentane
Ethylhexane | 8 | 18 | 114 | 0.346 | 445 | 39.6 | 253 | 143 | 2.74 | 0.016 | 0.052
Dimethyl 8 | 18 114 | 0328 | 445 | 396 | 253 | 143 | 272 | 0.016 | 0.052
hexane
Methyl 8 | 18 114 | 0346 | 445 | 396 | 253 | 143 | 274 | 0.016 | 0.052
heptane
Cyclopentane | 5 | 10 70 0443 | 443 | 392 | 241 | 151 | 2.80 | 0.018 | 0.055
Methyleyclo | o, 84 0395 | 43.8 | 382 | 23.0 | 152 | 2.73 | 0.019 | 0.061
pentane
Cyclohexane | 6 | 12 84 0358 | 438 | 382 | 230 | 152 | 275 | 0.019 | 0.061

Table B-2-4 continued on the next page
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Table B-2-4 continuing from the last page

M
Fluid H (g/mole) AH, AHt | AHy, | AHeon | AHpag Yeo2 Yeo Ysm
kJ/g a/g

Normal 14| 98 0365 | 434 | 375 | 223 | 152 | 270 | 0.021 | 0.066
Alkanes
Ethylcyclo 16 112 | 0353 | 432 | 369 | 217 | 152 | 2.66 | 0.021 | 0.069
hexane
Dimethyleyclo 16 112 | 0300 | 432 | 369 | 217 | 152 | 2.66 | 0.021 | 0.069
hexane
Cyclooctane 16| 112 432 1369 | 217 | 152 | 264 | 0.021 | 0.069
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Fluid Co(r:n pos'tﬁn M (g/mole| Spgr (;ch) s (9/9) | C« (%) ?fgs)h T.(°C) L?aé:;]/k\gargc))r LFL (%) l(J(ch;
Ethylene 2 4 28 0.97 |-104| 14.7 | 6.53 490 2.7 36
Propylene 3 6 42 1.45 -47 | 14.7 | 4.45 460 2.4 11
Butylene 4 8 56 1.94 |-63| 147 | 3.37 385 1.6 10
Pentene 5 10 70 2.42 37| 147 | 272 | -18 275 2.22 1.57 1.4 8.7
Hexene 6 12 84 14.7 2.18 1.57

Heptene 7 14 98 14.7 2.16 1.58

Octene 8 16 112 14.7 2.16 1.59

Nonene 9 18 126 14.7

Decene 10 20 140 14.7 2.15 1.60

Dodecene 12 24 168 14.7 2.15 1.60

Tridecene 13 26 182 14.7

Tetradecene 14 28 196 14.7

Hexadecene 16 32 224 14.7 2.16 1.61

Octadecene 18 36 252 14.7

Polyethylene 2 4 601 14.7

Polypropylene 3 6 720 14.7

Cyclohexene 6 10 82 2.8 83 | 142 | 2.40 310 1.2
Methylcyclo- 7 | 12 96 14.3

hexene

Pinene 10 16 136 4.7 156 | 14.1 1.47 33 255 0.7
Acetylene 2 2 26 0.91 -84 | 132 | 7.73 305 2.5 100
Heptyne 7 12 96 14.3

Octyne 8 14 110 14.4

Decyne 10 18 138 14.4

Dodecyne 12 22 166 14.5

1,3 Butadiene 4 6 54 1.87 |-44] 140 | 3.67 420 2.29 1.47 2.0 12
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Table B-2-6. Combustion Properties of Unsaturated Aliphatic Hydrocarbons

Fluid C H M Hv | HT | Hch | Hcon | Hrad Yeo2 | Yeo | Ysm
g/mole kJ/g /g
Normal Alkenes
Ethylene 2 4 28 0.516 | 48.0 | 41.5 | 27.3 142 | 2.75 | 0.013 | 0.076
Propylene 3 6 42 0.437 | 46.4 | 40.5 | 25.6 149 | 2.76 | 0.017 | 0.070
Butylene 4 8 56 0.398 | 45.6 | 40.0 24.8 15.2 2.78 | 0.019 | 0.067
Pentene 5 10 70 0.314 | 45.2 | 39.7 24.2 15.5 2.76 | 0.021 | 0.065
Hexene 6 12 84 0.388 | 449 | 394 | 239 155 | 2.78 | 0.021 | 0.064
Heptene 7 14 98 0.369 | 44.6 | 393 23.7 15.6 | 2.77 | 0.022 | 0.063
Octene 8 16 112 445 | 39.2 23.5 15.7 2.76 | 0.022 | 0.062
Nonene 9 18 126 443 | 39.1 23.3 15.8 | 2.75 | 0.022 | 0.062
Decene 10 20 140 0.306 | 442 | 39.0 | 23.2 15.8 | 2.75 | 0.022 | 0.061
Dodecene 12 24 168 0.313 | 44.1 | 389 23.1 15.8 2.74 1 0.023 | 0.061
Tridecene 13 26 182 0.299 | 44.0 | 389 23.0 15.9 2.74 |1 0.023 | 0.061
Tetradecene 14 28 196 44.0 | 38.8 | 229 159 | 2.73 | 0.023 | 0.060
Hexadecene 16 32 224 0.292 | 439 | 38.8 22.8 16.0 2.73 1 0.023 | 0.060
Octadecene 18 36 252 438 | 38.7 22.8 15.9 2.72 1 0.023 | 0.060
Cyclic Alkenes
Cyclohexene 6 10 82 43.0 | 35.7 | 20.2 155 | 2.64 | 0.029 | 0.085
lﬁitehlﬁcydo 7 12| 9 43.1 | 358 | 19.8 | 16.0 | 2.65 | 0.029 | 0.085
Normal Alkynes
Acetylene 2 2 26 0.751 | 47.8 | 36.7 18.7 18.0 | 2.53 | 0.042 | 0.096
Heptyne 7 12 96 448 | 36.0 18.8 17.2 2.56 | 0.036 | 0.094
Octyne 8 14 110 447 | 359 18.9 17.0 | 2.53 | 0.036 | 0.094
Decyne 10 18 138 445 | 359 18.9 17.0 | 2.55 | 0.035 | 0.094
Dodecyne 12 22 166 443 | 359 18.9 17.0 2.53 1 0.035 | 0.094
Diene
IIB’Stadiene 4 6 54 0.507 | 44.6 | 33.6 15.4 18.2 2.41 | 0.048 | 0.125
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Table B-2-7. Thermophysical Properties of Aromatic Hydrocarbons

. Composition M To Ca | Thasn!| Ta | Cp(kIkg-K) | LFL | UFL

Fluid c | 1 |@mole)| P9 [eo)f W (9 [¢o)| ¢C) |Liquid|vapor| @) | (%)
Benzene 6 6 78 2.69 | 80 | 13.2 2.72 -11 | 560 | 1.74 | 1.05 1.3 7.9
Toluene 7 8 92 3.18 |111] 134 2.27 4 480 | 1.70 | 1.13 1.2 7.1
Styrene 8 8 104 3.6 |145] 132 2.05 32 | 490 1.1 6.1
Ethylbenzene 8 10 106 3.67 [136] 13.6 1.96 15 [ 430 [ 1.76 | 1.21 1.0 6.7
Xylene 8 10 106 3.67 [144] 13.6 1.96 32 | 530 | 1.72 | 1.20 | 1.1 6.4
Indene 9 8 116 13.0
Propylbenzene 9 12 120 13.7
Trimethyl o | 12 | 120 13.7 1.81 | 1.29
benzene
Cumene 9 12 120 415 [152] 137 1.72 44 | 425 0.88 | 6.5
Naphthalene 10 8 128 44 |218] 12.9 1.71 79 | 526 088 | 59
Tetralin 10 12 132 4.6 [208] 13.5 1.58 71 | 385 0.84 | 5.0
Butylbenzene 10 14 134 4.6 [183] 13.8 1.53 71 | 410 082 | 58
Diethylbenzene 10 14 134 13.8
p-Cymene 10 14 134 463 [177] 13.8 1.53 47 | 435 085 | 6.5
Methyl 11 10 142 245 | 13.1 1.53 530 0.80
naphthalene
Pentylbenzene 11 16 148 13.9
Dimethyl
naphthalene 12 12 156 13.2
Cyclohexyl 12 | 16 160 13.7
benzene
Diisopropyl 12 | 18 162 14.0
benzene
Triethylbenzene 12 18 162 14.0
Triamylbenzene 21 36 288 14.3
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Table B-2-8. Combustion Properties of Aromatic Hydrocarbons

Fluid C H M Hv | HT | Hch | Hcon | Hrad Yeo2 | Yeo | Ys
g/mole kJ/g g/g

Benzene 6| 6 78 | 0432]40.1[276] 112 [ 165 | 453 | 0.067 | 0.181
Toluene 78 92 0362397277 112 | 165 | 3.88 | 0.066 | 0.178
Styrene 8 | 8 | 104 394 | 278 | 112 | 16.6 | 3.41 | 0.065 | 0.177
Ethylbenzene 8 | 10 106 394 [ 278 | 112 [ 16.6 | 339 | 0.065 | 0.177
Xylene 8 | 10| 106 |0347[39.4[278] 112 ] 16.6 | 3.39 | 0.065 | 0.177
Indene 9 | 8 | 116 392279 113 | 16.6 | 3.04 | 0.065 | 0.176
Propylbenzene 9 [ 12| 120 392279 113 | 16.6 | 3.01 | 0.065 | 0.175
Trimethyl 9 | 12| 120 392|279 | 113 | 16.6 | 3.01 | 0.065 | 0.175
benzene
Cumene 9 |12 120 392279 113 | 16.6 | 3.01 | 0.065 | 0.175
Naphthalene 10 8 | 128 |0.558[39.0|279] 113 | 16.6 | 2.74 | 0.065 | 0.175
Tetralin 10 12] 132 39.0 | 279 | 114 | 165 | 2.71 | 0.064 | 0.174
Butylbenzene 10 14| 134 39.0 [ 279 114 | 165 | 2.70 | 0.064 | 0.174
Diethylbenzene | 10 | 14 | 134 39.0 [ 279 114 | 165 | 2.70 | 0.064 | 0.174
p-Cymene 10 14] 134 39.0 [ 27.9 | 11.4 | 165 | 2.70 | 0.064 | 0.174
Methyl 11| 10| 142 38.9 | 28.0 | 11.4 | 16.6 | 2.49 | 0.064 | 0.174
naphthalene
Pentylbenzene 11 |16 [ 148 38.8 | 28.0 | 11.4 | 16.6 | 2.45 | 0.064 | 0.173
Dimethyl 12 12| 156 38.8 | 28.0 | 11.4 | 16.6 | 2.27 | 0.064 | 0.173
naphthalene
Cyclohexyl 1216 160 38.7 | 28.0 | 11.4 | 155 | 2.25 | 0.064 | 0.173
benzene
Diisopropyl 12 | 18| 162 38.7 | 28.0 | 11.4 | 16.6 | 2.24 | 0.064 | 0.173
benzene
Triethylbenzene | 12 | 18 | 162 38.7 | 28.0 | 11.4 | 16.6 | 2.24 | 0.064 | 0.173
Triamylbenzene | 21 | 36 | 288 38.1 | 282 | 11.6 | 16.6 | 1.23 [ 0.063 | 0.169
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Fluid Composition M Sp To S Cq Tiash Ta cp (kJ/kg-K) LFL | UFL
CT H [ o | @mole| gr | (C) | (@) | ) | (C) | O [Tiguid| Vapor | 0 | (0)
Aliphatic Alcohols

Methyl alcohol 1 4 1 32 1.11 65 6.4 | 12.25 11 385 2.55 1.37 6.7 36.0
Ethyl alcohol 2 6 1 46 1.59 | 79 9.0 6.53 13 365 2.46 1.43 3.3 19.0
n-Propyl alcohol 3 8 1 60 2.07 | 97 10.3 | 4.45 25 440 2.39 1.46 2.2 14.0
Isopropyl alcohol 3 8 1 60 2.10 82 10.3 | 4.45 12 399 2.2 12.0
n-Butyl alcohol 4 10 1 74 2.56 | 117 11.1 | 3.37 29 365 1.7 12.0
Isobutyl alcohol 4 10 1 74 2.60 | 108 11.1 | 3.37 28 427 1.7 11.0
sec-Butyl alcohol 4 10 1 74 2.60 | 100 11.1 | 3.37 24 405 1.7 9.8
ter-Butyl alcohol 4 10 1 74 2.60 82 11.1 | 3.37 11 480 1.9 9.0
n-Amyl alcohol 5 12 1 88 3.04 | 137 11.7 | 2.72 38 300 1.4 10.0
Isobutyl carbinol 5 12 1 88 11.7
sec Butyl carbinol 5 12 1 88 11.7
Methylpropyl carbinol 5 12 1 88 11.7
Dimethylethyl carbinol 5 12 1 88 11.7
n-Hexyl alcohol 6 14 1 102 3.53 | 158 12.1 | 2.27 63 300 1.2
Dimethylbutyl alcohol 6 14 1 102 12.1
Ethylbutyl alcohol 6 14 1 102 12.1
Allyl alcohol 3 6 1 58 2.00 | 97 9.5 4.97 21 378 2.5 18.0
Cyclohexanol 6 12 1 100 3.50 | 161 11.7 | 2.40 68 300 1.2

Table B-2-9 continuing on the next page
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Table B-2-9 continued from the previous page

Fluid Composition M Sp | Te s Co | Trash | Ta Cp (kJ/kg-K) LFL | UFL
c| H | o]@mole)| gr | (°C) | (9lg) | (%) | ('C) | (°C) | Liquid | Vapor | (%) | (%)
Aliphatic Ketones
Acetone 3 6 1 58 2.01 56 9.5 4.97 -18 465 2.18 1.30 2.6 | 13.0
Methylethyl ketone 4 8 1 72 2.49 80 10.5 | 3.67 -6 516 1.9 | 11.0
Cyclohexanone 6 10 1 98 340 | 156 | 11.2 | 2.55 44 420 1.1
Di-Acetone alcohol 6 12 2 116 9.5
Aliphatic Esters
Ethyl formate 3 6 2 74 2.56 | 55 6.5 5.65 -20 456 2.8 | 16.0
n-Propyl formate 4 8 2 88 7.8
n-Butyl formate 5 10 2 102 3.53 | 107 8.8 3.12 18 322 1.7 8.2
Methyl acetate 3 2 74 256 | 57 6.5 5.65 -10 502 32 | 16.0
Ethyl acetate 4 2 88 3.04 | 77 7.8 4.02 -4 427 22 | 11.0
n-Propyl acetate 5 10 2 102 3.53 | 102 8.8 3.12 14 450 1.8 8.0
n-Butyl acetate 6 12 2 116 4.01 | 127 9.5 2.55 22 425 1.4 8.0
Isobutyl acetate 6 12 2 116 4 118 9.5 2.55 18 421 24 | 105
Amyl acetate 7 14 2 130 4.5 149 10.0 | 2.16 25 360 1.0 7.1
Cyclohexyl acetate 8 14 2 142 10.2
Octyl acetate 10 | 20 1 172 11.2
Ethyl acetoacetate 6 10 3 130 7.4
Methyl propionate 4 8 2 88 3.04 80 7.8 4.02 -2 469 2.4 13
Ethyl propionate 5 10 2 102 3.53 99 8.8 3.12 12 440 1.8 11
n-Butyl propionate 7 14 2 130 10.0
Isobutyl propionate 7 14 2 130 10.0
Amyl propionate 8 16 2 144 169 10.5 1.87 41 380 1.0
Methyl butyrate 5 10 2 102 3.52 | 102 8.8 3.12 14

Table B-2-9 continuing on the next page
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Table B-2-9 continued from the previous page

i Composition | M [ sp | T, | s | Ci | Thw | T. | Co(kIke-K) | LFL |UFL
c| H | o]@mole)| gr | (°C) | (9lg) | (%) | ('C) | (°C) |Liquid | Vapor | (%) | (%)
Aliphatic Esters continuing
Ethyl butyrate 6 12 2 116 4 121 9.5 2.55 26 463
Propyl butyrate 7 14 2 130 10.0
n-Butyl butyrate 8 16 2 144 10.5
Isobutyl butyrate 8 16 2 144 10.5
Ethyl laurate 14 | 28 1 228 12.0
Ethyl oxalate 4 6 4 102 6.1
Ethyl malonate 5 8 4 132 7.7
Ethyl lactate 5 10 3 118 4.1 155 7.0 3.37 46 400 1.5
Butyl lactate 7 14 3 146 8.5
Amy]l lactate 8 16 3 160 9.0
Ethyl carbonate 5 10 3 118 7.0
Other Aliphatic Fluids
Monoethyl ether 4 10 2 90 8.4
Monoethyl ether acetate 6 12 3 132 7.8
Monoethyl ether diacetate 6 10 4 146 6.1
Glycerol triacetate 9 14 6 218 6.0
Aromatic Fluids
Benzaldehyde 7 1 106 10.4
Benzyl alcohol 7 1 108 3.72 | 205 10.8 24 101 436 2.02
Cresylic acid 8 1 136 9.1
Ethyl benzoate 9 10 2 150 9.6
Phenylbutyl ketone 11| 14 1 162 11.9
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